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Dear colleagues from Romania and abroad

It is our pleasure to invite you to attend at the 30™ edition of the International Conference Progress
in Organic and Macromolecular Compounds, MACRO Iasi 2025, a traditional event organized by
the Petru Poni Institute of Macromolecular Chemistry, between 23 and 26 September 2025, in Iasi.

The International Conference addresses polymer and organic chemists and physicists from
academia, research institutes and industry, being intended as a dynamic platform for the
presentation and sharing of their research and ideas.

MACRO Iasi 2025 gives a broad overview of major topics in organic and polymer synthesis and
physics, multifunctional polymeric architectures, engineering of polymeric materials and their
applications.

Also, as part of the MACRO Iasi conference, the workshop “POLYSACCHARIDE BASED
(BIO)HYBRID NANOSTRUCTURES” (September 23, 2025) will be organized, to which you
are welcome to participate (please contact the organizers - hybsac.pnrr@icmpp.ro).

This meeting could not have been organized without the generous and tireless support and
contribution of many individuals and groups within and outside the ICMPP. Therefore, we would
like to acknowledge to all the invited lecturers, speakers, board and committee members,
chairpersons, sponsors and all the people that have been involved in the organization and
presentation of relevant results and perspectives.

Best wishes for a professionally rewarding conference!

Valeria HARABAGIU and Marcela MIHAI

Chairpersons of MACRO lasi 2025
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previously held an NSERC fellowship at the National Research Council of Canada

. with Keith U. Ingold. He has authored influential reviews and research articles,
including the widely cited “Cellulose: To Depolymerize... or Not?” (Biotechnology Advances, 2017) and
a groundbreaking study on nanocellulose as a key material for soft robotics, published in Advanced
Functional Materials in 2022, and has contributed perspective pieces on the evolution of cellulose research
in Romania.

Maria Valentina DINU studied Chemistry at “Al. I. Cuza” University of lasi, and received her Ph.D. in
2009 from Romania Academy, Petru Poni Institute of Macromolecular Chemistry.
During her Ph.D. studies, an important part of the work was carried out at Istanbul
Technical University, Turkey, and Wroclaw University of Technology, Poland. She
done a post-doctoral fellowship financially supported by the European Social Fund
— Cristofor 1. Simionescu Postdoctoral Fellowship Programme. Within the research
activities performed during this post-doctoral fellowship (2010-2013), she spent
some months in Leibniz Institute of Polymer Research Dresden, Germany, and in

Institute of Macromolecular Chemistry, Prague, Czech Republic. After a postdoc
in the Department of Chemistry, University of Basel, Switzerland, she returned to the Functional Polymers
Department, in 2015, as a Senior Researcher. Since 2021 she habilitated and member of the School of
Advanced Studies of the Romanian Academy. Dr. Dinu is highly active in the field of synthesis and
functionalization of various hydrogel-based systems, composite materials, and (bio) functional self-
organized polymeric nanostructures, being co-author of 104 papers, with an H-index of 34. In 2012, she
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received the “Nicolae Teclu” Romanian Academy Award. Currently, Dr. Dinu is Group Leader in the
Department of Functional Polymers, and is acting as an editor of Reactive and Functional Polymers from
Elsevier, B.V. For more information visit:https://icmpp.ro/laboratories/14/g2/topics.php.

Theoni GEORGIOU is a Professor in Polymer Chemistry at the Department of Materials at Imperial
College London. She obtained a BSc in Chemistry and a PhD in Polymer Chemistry
from the University of Cyprus. Following her PhD studies, she joined Professor
Antonios (Tony) Mikos’ group at Rice University in USA as a postdoctoral fellow.
In October 2007 she moved to UK when she was awarded a five-year RCUK
Fellowship in Colloidal Nanotechnology at the University of Hull. In 2014 she
joined Imperial College as a Lecturer where she is now a professor since 2022. She
has been an active member of the scientific community; was a member of the Macro
group committee from 2017 to 2022 and the chair of the committee from 2019 and
2022 She was also a member of the Materials Chemistry Division Council of the Royal Society of

Chemistry and of the European Polymer Federation (EPF) council. She is currently a member of the Colloid
& Interface Science Group of RSC. In 2017 she was awarded the 2016 Macro Group UK Young
Researchers Medal. She is a member of the advisory editorial board of Polymer International, Polymer
Chemistry and European Polymer Journal. Finally, she is an Associate Editor for European Polymer Journal
since 2022. (ResearcherID: A-4229-2008, http://orcid.org/0000-0003-4474-6931)

Agnieszka KOWALCZUK is an Associate Professor at the Centre of Polymer and Carbon Materials PAS,
where she leads the Laboratory of Nano- and Microstructural Materials. Her
research focuses on developing novel polymers for applications in medicine and
nanotechnology. She specializes in anionic and cationic polymerization of oxiranes
and cyclic imines, as well as controlled radical polymerization of (meth)acrylates,
enabling the synthesis of macromolecules with precise composition, molar mass,
and topology. Beyond linear polymers and copolymers, she is interested in
designing branched macromolecules, including star-shaped, dendritic, and
hyperbranched structures, particularly those responsive to environmental stimuli
and functionalized for interactions with bioactive agents.

Mlchele LAUS graduated in Industrial Chemistry with honours in 1983 and obtained a PhD in Industrial

; Chemistry in 1987. In 1997 he became Associate Professor of Industrial Chemistry
“ and since November 2005, Full Professor of Industrial Chemistry and Polymeric
Materials. He spent periods as visiting professor at Cornell University (invited by
Prof. C. K. Ober) and at the Martin Luter University of Freiburg (invited by Prof.
W. Gronski). At present, he is the Coordinator of EUPOC (European Polymer
Conferences), President of AIM (Italian Association for Science and Technology
of Macromolecules) and General Secretary of EPF (European Polymer Federation).
At the beginning, his research activity focused on the development of hybrid
nanocomposites, functional micro and nanospheres for biomedical and analytical use and superstructural

systems organized in 2D and 3D (polymer liquid crystals, monolayers and opals) for optical,
microelectronic and sensor applications. Subsequently, the research was directed towards the study of
materials for microelectronics through block copolymers and through the use of doping polymers, including
the development of new precision polymers. Alongside these activities, two new lines of research have
been activated relating to the synthesis of polymers using CO as a monomer and the preparation and study
of reversible networks. Prof. M. Laus is author of 280 articles in international journals and 20 patents with
an H-index of 44. Furthermore, he has participated as an invited or plenary speaker in more than 100
international conferences.
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Mariana PINTEALA studied chemical engineering and received her PhD at “Gheorghe Asachi” Technical
University, lasi, Romania, in 1995. She has been active in “Petru Poni” Institute of
Macromolecular Chemistry since 1987 and from 2010 is the Head of the
“IntelCenter” integrated into institute (www.intelcentru.ro). She has published
more than 200 papers, 1 book and 12 book chapters, is evaluator for national
projects in the chemistry field. The scientific and managerial activities include the
successful coordination of two EU projects, 8 national projects and 4 bilateral
projects, as well as the participation to a NSF grant and others. In addition, she has

> implemented the IntelCentre infrastructure project based on EU Structural Funds,
The research interests are focused on the development of polymer-based biomaterials, supramolecular
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assemblies of hydrophobic and hydrophilic (co)polymers; pseudo- and polyrotaxanes, (co)polymers
containing cyclodextrins, and more recently on biomedical-oriented nanotechnologies (non-viral vectors
for gene and drug delivery systems; nanoparticles based on metal and metal oxides for tumors imaging and

therapy; development of fullerene, cyclodextrin, and polymer derivatives for medical applications; design
of cyclodextrin inclusion complexes with different drugs as potential drug delivery systems).

Aurel RADULESCU is a senior scientist at Forschungszentrum Jiilich GmbH in Germany and is primarily
responsible for the small-angle neutron diffractometer KWS-2 at the Jiilich Centre
for Neutron Science at the Heinz Maier-Leibnitz Zentrum in Garching, Germany.
He received his PhD in nuclear physics from the University of Bucharest, Romania,
in 2000 and received a Young Scientist Award from the European Neutron
Scattering Association in 1999. Between 2016 and 2021, he also served as a
specially appointed professor at the University of Osaka, Japan. His current work
focuses on semi-crystalline polymers, polymer-protein complexes and
methodological developments in neutron scattering.

Cluj-Napoca. His research activities concentrated on development of
organometallic and coordination chemistry, with particular focus on Main Group
metal compounds. In collaboration with foreign research groups, he brought
significant contributions to the chemistry of hypervalent Main Group
organometallics, reporting on the first examples of some new types of compounds
as alkoxides, halochalcogenides, metal heterocycles, etc. as well as CO, fixation,
and C—H bond activation. He published more than 250 original articles and reviews
in international journals (more than 4700 citations; Hirsch index of 36). From 2016

he is representative of Romanian Chemical Society in the Division of
Organometallic Chemistry of EuCheMS. He is member of the Romanian Academy (from 2017), the
European Academy of Sciences and Arts (Salzburg, Austria; from 2019) and European Academy of
Sciences (Brussels, Belgium; from 2021).

Ion TIGINYANU is received his Ph.D. degree in Semiconductor Physics from Lebedev Institute of
Physics, Moscow, in 1982. Starting from 2001, he serves as the founding Director
of the National Center for Materials Study and Testing, Technical University of
Moldova. In 2019 he was elected president of the Moldova Academy of Sciences.
Professor Tiginyanu's research interests are related to nanotechnologies, smart
nanomaterials and development of photonic and electronic novel device structures
for various applications, including microfluidic and biomedical applications. He is
Fellow of the International Science Council, honorary member of the Romanian
! Academy, honorary professor of Shizuoka University (Japan), member of the
Academia Europaea, Fellow of the International Society for Optics and Photonics (SPIE), and member of
AAAS, IEEE, Optica (formerly OSA) etc. For more information visit https://asm.md/en/membru?id=52.
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Brigitte VOIT received her PhD in Macromolecular Chemistry 1990 from University Bayreuth, Germany.
After postdoctoral work in 1991/1992 at Eastman Kodak in Rochester, USA, she
joined Technische Universitit Miinchen. After habilitation in 1996, she was
appointed 1997 full professor for "Organic Chemistry of Polymers” at Technische
Universitdt (TU) Dresden as well as Director of the Division Macromolecular
| Chemistry at the Leibniz Institute of Polymer Research (IPF) Dresden. From 2002
to 2022 she was also Scientific Director of IPF. At TU Dresden she is member of
: the Center for Advancing Electronics Dresden (CFAED), Dresden International
el Graduate School for Biomedicine and Bioengineering (DIGS BB), and the DFG

Graduate School Hydrogel-based Microsystem. She is active in the European Polymer Federation
(president 2014/2015), elected member of ACATECH, and holder of the Staudinger Award. Her scientific
interest is in functional polymer architectures and responsive polymers for e.g. biomedicine, smart systems
and organic electronics
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CRISTOFOR 1. SIMIONESCU, THE MAN WITHIN

Bogdana Simionescu
Petru Poni Institute of Macromolecular Chemistry, Romanian Academy, lasi, Romania
bogdana.simionescu@icmpp.ro

For others — the professor, the scientist, the mentor, the rector, the president, the director, the authority. For
me — my grandfather. And that was more than enough.

He was born in Plopeni, a small village in Northern Moldova, on July 17, 1920. His family was poor, but
hardworking, from both his parents learning — since an early age — to read, write, work the land, take care
of the domestic animals, help in the household and be disciplined.

Between 1927-1931, he attended the primary school in Plopeni, having his mother as a teacher. Starting
from 1931, he attended, for two years, the ,,Stefan cel Mare” High School in Suceava, in 1933 relocating
to lasi and becoming part of the National High School, in accordance to the burning wish of his mother
who wanted her son to train ,,in a big city, in the spirit of the French culture”.

Even as a young boy in high school, he was eager to learn and discover the great cultural/scientific
personalities of his time, so he made a habit in attending, with great delight, in the ,,Al. I. Cuza” University
Hall, the speeches/conferences/lectures of George Calinescu, Nicolae Iorga, Ion Th. Simionescu, Stefan
Procopiu, Horia Hulubei, Petre Andrei and many others. Later in life, he confessed that he was deeply
touched and shaped by these prominent figures.

Before graduating, he came to the conclusion that students borrow work methods/discipline/habits from
their teachers, finding that ,,between the souls of the teacher and the student weaves an unseen, immaterial
cloth, which takes shape in the deeds of children when becoming adults”.

In the fall of 1939, he enrolled at the Industrial Chemistry Faculty in Iagi, which he graduated in 1943 with
Magna Cum Laudae. Between 1941 — 1942, he started his third year of studies in lasi and finished it in
Cernauti, with the move of the Polytechnic Institute from Iasi to Bucovina. At that time, Cernauti presented
the characteristics of a Western city, the students enjoying a number of facilities, among which the large
Mulhdorf Bookshop. In the fourth year of studies (1942 — 1943), giving in to the repeated requests of dr.
Mihai Dima, the young student Cristofor I. Simionescu returns to lasi to take over the responsibility of
leading the laboratory works on oil technology.

Starting with 1944, Cristofor 1. Simionescu carried out his activity in higher education, serving the
Technical University of lasi for 52 years, with nothing but professionalism, devotion, perseverance, courage
and great strategic vision.

= 1944 — 1952 — assistant, lecturer
= 1953 (age 33) — 1995 — full professor
= 1949 (29 years old) — he founded the Department of Cellulose Chemistry and Technology

From now on, his life was composed by a series of responsibilities, as he described it. At only 33 years old,
in 1954, he became general director in the Ministry of Education, alongside his mentor, fellow rector and
Romanian Academy member and president (1963 — 1966), whom he greatly admired, professor Ilie G.
Murgulescu.

= 1951 (age 31) — 1952 — vice-rector, Iasi Polytechnic Institute
= 1952 (32 years) — 1994 — head of Department
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= 1953 — 1976 — rector, lasi Polytechnic Institute

= 1955 (35 years old) — corresponding member of the Romanian Academy (youngest member)

= 1955 (35 years old) — he founded, with prof. lon Curievici, the “Polytechnic Museum” (nowadays
“Stefan Procopiu” Museum of Science and Technic” — Palace of Culture, lasi)

= 1955 (35 years old) — co-founded the “Polytehnica Iasi” Football Club

= 1956 — 1970 — head of Laboratory, Petru Poni Institute of Chemistry (he changed the institute’s name
in 1964)

= 1963 (43 years old) — full member of the Romanian Academy

= 1963 — he founded the Department of Organic and Macromolecular Chemistry

= 1970 — 2000 — director, “Petru Poni” Institute of Macromolecular Chemistry

= 1963 - 1974, 1989 — 2001 — president of the Romanian Academy lasi Branch

= 1974 — 1990 — vice-president of the Romanian Academy

= 1977 — 1980 — president (with delegation) of the Romanian Academy

= 1967 — founding editor — Cellulose Chemistry and Technology

= 1976 — Gold Centennial Medal from the American Chemical Society.

The founding father of the polymer science school in Romania

Professor Cristofor I. Simionescu was the first who introduced the emerging polymer chemistry and physics
in Romanian high education programs. At only 28 years old, he gave the first lecture on polymers on March
16, 1948, in the Iasi Polytechnic Institute’s Aula Magna.

On his initiative, the Institute of Chemistry — which was established by professor Radu Cernatescu,
built/developed by professor Cristofor I. Simionescu and modernized/extended by professor Bogdan C.
Simionescu — was transformed, in 1964, into an Institute entirely dedicated to polymer research, i.e., the
“Petru Poni” Institute of Macromolecular Chemistry. From this starting point and for 30 years (1970 —
2000) under his leadership, this Institute became one of the most internationally known Romanian research
centers, advancing and broadening the long tradition of fundamental and applied research in various areas
of polymer science.

Along with his enthusiastic team of co-workers, he has been highly appreciated by the international
scientific/academic community for his innovative approaches in the investigation of biopolymers, the
origins of life (“the cold theory”), controlled synthesis of complex macromolecular architectures, semi- and
photo-conducting polymers, new bi-(or multi)-functional initiators for the synthesis of graft and block
copolymers, polymers with potential biomedical applications, and so on. Under his supervision, his
collaborators initiated and developed studies on wood and lignin chemistry, cellulosic fibers, capitalization
of the Danube Delta reed, electro-insulating papers, vegetal cancer, etc. Almost at the same time with the
investigations on natural polymers, the first Romanian contributions on the synthesis of vinyl polymers by
radical polymerization were published. Great achievements were also accomplished on the synthesis and
modification of polymers through mechanochemistry reactions, electrochemistry, and plasma chemistry.

Cristofor I. Simionescu’s research group was also the first to report the preparation of ultrahigh molecular
weight polymers (pleistomers) with chain lengths exceeding by far those ever reported.

During his extended remarkable career, he has mentored more than 100 PhD students (some of them being
foreign citizens). All past generations of students remember his dedication and communication skills, his
appreciation of solid values and encouragement for research, his heartfelt advices. No matter how busy life
was and how many high positions he occupied — both in lasi and/or Bucharest — he never missed a course,
considering that teaching his students always came first.

He has published more than 800 scientific papers and 27 books/book chapters, has obtained 70 patents and
numerous national and international distinctions. In recognition of his merits in both scientific and
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cultural/social activities, he was awarded more than 30 relevant medals/prizes, such as the Centennial
Medal of the American Chemical Society, Honorary Diploma from the High School of Slovakia, Honorary
Diploma from the Société de Chimie Industrielle de Paris, and the Diploma of the Bulgarian Academy of
Sciences. He was elected member of several international scientific organizations, including Société
Chimique de France, American Chemical Society, International Union of Pure and Applied Chemistry
(IUPAC) Macromolecular Division, International Academy of Wood Science, and International Society for
the Study of the Origin of Life. Professor Simionescu also received an honorary doctoral degree from the
Polytechnical School of Sofia, Bulgaria. He was honorary member of the Hungarian Academy of Sciences,
of German (DDR) Academy of Sciences, of the Academy of Sciences of the Republic of Moldova.

Cristofor 1. Simionescu may be considered the greatest builder of the XXth century historical region
Moldova. He has thought, co-designed, searched/found the proper location for, fought to convince the
authorities to accept the architectural plans and approve the financing of the — nowadays — “Gh. Asachi”
Technical University of lasi unique modern campus that included over 50 faculties large buildings, pilot
installations, micro-production halls, dozens of dormitories, a sports field and a huge canteen designed to
serve over 2000 students daily. He is also responsible for building the Romanian Academy lasi Branch,
great part of the “Petru Poni” Institute of Macromolecular Chemistry, the Barlad train station and many
important factories/industrial complexes such as the fine curtains factory in Pagcani that worked, for
decades, mainly for the international market.

Professor Cristofor 1. Simionescu was, in those complicated times, the longest-serving rector in Europe
(1953 — 1976) until his execution/purge for political reasons, 1976 marking the beginning of very difficult
years for him and our family.

He proved to be brave and wise during historical times of tremendous challenge. He embodied brilliant
leadership qualities and radiated an impressive sense of vitality, masculinity and will, accompanied by an
irresistible personal charm. The complicated years after the World War II have had a huge impact on the
scientific community, as well. These times demanded a new direction in science and visionary brave leaders
able to transcend the adversarial communism approaches in order to solve the numerous problems. The
historical decades he lived in asked for courageous decisions and commanded will power, wisdom and
spirit. His drive to change “the status quo” quite often met with political resistance, but he was helped by a
deep understanding of the human nature. This is why, almost miraculously, his determination to withstand
resistance always prevailed.

During all his adult life, my grandfather’s unnamed and most valuable lifelong partner/collaborator was his
wife — my grandmother — Natalia (Talia). He used to say that she put up with him, as difficult as he was, as
absent from the household duties and deaf to daily problems as he was. Discretely, she was his rock who
“has raised two fundamentally good, modest men with a soft soul and impeccable demeanor”; she wisely
intervened in difficult times, with both advice and criticism, knowing exactly what to say and how to say
it. For that, and many more, he was forever grateful.

My grandfather was passionate about literature, history and ornithology, owning dozens of canaries and
parrots. He had a uniquely irony filled sense of humor, was set on appreciating high core values, was a man
of rare integrity and honor, an enthusiastic promoter of emerging fields, a visionary and courageous man
who knew to take risks and responsibilities all his life, a true patriot. He always tirelessly helped others,
even when involving personal risks and damaging public slanders. He even chose to endure political
persecutions and to be removed from different academic positions in order to protect others.

Nowadays, 18 years after he’s left, I’'m still stopped on the street by complete strangers and told how much
he changed their lives and how much they still owe him. He continues, therefore, to teach valuable lessons,
even after all this time.




= Progress in Organic and Macromolecular Compounds
MACRO lasi) 2025 : . i
30  edition

19

His lifelong driving force and, I might add, obsession, was to leave a solid
scientific/academic/cultural/social/human legacy for the generations to come.

“I want to leave the image of a brave, active and voluble man, who was dignified and defended his beliefs”.
Now, at his 105™ anniversary, I can honestly say — Grand dad, you have definitely succeeded.

CRISTOFOR 1. SIMIONESCU
1920 - 2007
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MAGNETIC AND LUMINESCENT MOLECULAR MATERIALS CONSTRUCTED
FROM LANTHANIDES: NEW SYNTHETIC APPROACHES

Marius Andruh'?
'Costin D. Nenitescu Institute of Organic and Supramolecular Chemistry,
Romanian Academy, Bucharest, Romania
2Inorganic Chemistry Laboratory, Faculty of Chemistry, University of Bucharest,
Bucharest, Romania
marius.andruh@acad.ro

1. Introduction

The lanthanide(III) ions are largely employed in designing multifunctional materials [1]: the magnetically
anisotropic Ln"" ions (e. g. Tb™, Dy, Ho'") are excellent ingredients to construct single molecule magnets
(SMMs) and single chain magnets (SCMs); the isotropic Gd' ion, with a high spin (S = 7/2), generates
compounds with a large magnetocaloric effect; most of the Ln'! complexes display visible and/or NIR
luminescence (Figure 1). The properties of these molecular materials can be modulated by combining the

lanthanides with other spin carriers, such as 3d metal ions or paramagnetic radicals [2,3].
2. Results and discussion

In this lecture I will present the main synthetic strategies towards magnetic and luminescent molecular
materials, currently developed in our laboratory: (1) Design of new paramagnetic ligands (from the
nitronyl-nitroxide family) and their metal complexes: 2p-3d; 2p-4f. 2p-3d-4f (Figures 2 and 3); (2)
Heterobi- and heterotrimetallic complexes; (3) Coordination compounds containing two different
lanthanides into the same molecular entity using specially designed ligands (Figure 3); (4) Model
compounds for magnetostructural correlations.

Figure 1. Homometallic clusters constructed from 12 (left), and 14 lanthanide ions (right).
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Figure 3. A new family of 2p-3d-4f heterotrispin complexes (left) and
their magnetic properties (right).

Figure 4. 4f-4f” heterometallic complexes constructed from heterotopic, side-off
compartmental ligands.
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EMERGING FUNCTIONAL HYBRID NANOMATERIALS BASED ON
GALLIUM NITRIDE AND AEROGALNITE

Ion Tiginyanu,* Tudor Braniste
Petru Poni Institute of Macromolecular Chemistry, Romanian Academy, lasi, Romania
*ion.tighineanu@icmpp.ro

1. Introduction

Aerogels represent a new class of nanomaterials with ultra-light weight porous structure, mechanical
robustness, high electrical conductivity, facile scalability and huge potential in practical applications. The
field of aerogel research encompasses several fascinating materials, each with unique properties that make
them highly valuable in various applications. Among the most studied are silica aerogels, renowned for
their exceptional thermal insulation and transparency, making them ideal for insulation and windows.
Carbon aerogels also garner significant attention due to their high electrical conductivity and large surface
area, which are advantageous in energy storage and filtration technologies. Metal oxide aerogels, such as
alumina, titania, and zirconia, are extensively investigated for their catalytic properties and use in sensors
and environmental cleanup efforts. Polymer aerogels are gaining interest because of their lightweight and
flexible nature, broadening their potential in insulation and biomedical fields. Meanwhile, graphene-based
aerogels stand out for their remarkable strength, conductivity, and potential in electronics and energy
storage systems. Overall, these 3D structures are at the forefront of research, contributing to innovative
scientific and industrial solutions. Over the last decade, our group has been involved in the development of
3D nanoarchitectures based on GaN, introducing such terms as aerogalnite, or aero-GaN, that represents an
interconnected network of hollow microtetrapods based on GaN with wall thickness in the range of 10-100
nm. GaN is a wide-bandgap semiconductor material known for its excellent electronic and optical
properties. The material is used in high-power and high-frequency electronic devices because of its ability
to handle high voltages, operate at high temperatures, and efficiency in optoelectronic applications. Its
robustness and efficiency make GaN an essential material in telecommunications, radars, laser technology,
and power electronics, offering faster switching speeds and greater energy efficiency compared to
traditional semiconductor materials like Si.

2. Results and discussion

In the realm of advanced materials, aero-GaN emerges as a key player, offering unique capabilities for
various applications. The interconnected network of hollow microtubes of aero-GaN proves to have very
good response for pressure sensors, making it highly valuable in precise measurement devices [1]. The
material is super-repellent to water on its surface, yet water-attracting at its ends — a unique combination of
properties found in aero-GaN, opening doors to specialized uses [2]. Aero-GaN emerged as a promising
EMI shielding material across different frequency bands due to its unique combination of properties. In the
X-band, it offers comparable shielding effectiveness to traditional materials, with the advantage of a
significantly reduced weight and tunable shielding capabilities based on porosity. Furthermore, aero-GaN
exhibits excellent shielding performance in the Terahertz (THz) and Gigahertz (GHz) ranges, primarily
through absorption, solidifying its potential for applications in advanced electronics, aerospace, and
automotive industries where lightweight, effective, and stable EMI shielding solutions are critical [3].

The processes for creating aero-GaN material is depicted in Figure la. The initial step is converting the
sacrificial ZnO template architecture, composed of interconnected zinc oxide tetrapods, into aero-GaN. The
process is conducted in a horizontally-heated HVPE reactor with multiple temperature zones. The process
uses metallic gallium and NH3 gas as precursors, along with hydrogen chloride (HCI) and hydrogen (H>)
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as carrier gases. Two chemical reactions occur during these processes. The first reaction involves the
formation of GaCl from the interaction of gaseous HCI and liquid Ga at high temperatures in the reactor's
source zone. The second reaction results in the nucleation of GaN on the surface of ZnO microtetrapods
through the interaction between GaCl and NHj3 gas at 600 °C in the reaction zone. Subsequently, GaN layers
are formed by raising the temperature in the reaction zone to 850 °C, gradually decomposing and removing
the sacrificial ZnO template.
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Figure 1. Schematics of the aerogalnite synthesis process (a), the scanning electron microscopy picture of
the aero-GaN (b) and the compressive stress — strain response of the Aero-GaN network under 40 loading
and unloading cycles (¢) [2].

The 3D aero-GaN nano-micro-architecture, despite its low specific density, is highly flexible, showing
reversible elastic behavior after several loading cycles. Its unique hierarchical structure, combining
micrometer and nanometer features, along with elasticity, piezoelectricity, and flexoelectricity, contributes
to its impressive mechanical and electromechanical properties. The material also exhibits strong yellow
luminescence, characteristic of ultrathin GaN membranes, while traces of ZnO have minimal impact on its
optical properties. This combination of features suggests potential for advanced nanostructured electronic
and photonic applications [2].

Carbon-based aerogels and aeromaterials are highly investigated. Aerographite represents a flexible
ultralightweight 3D nanoarchitecture based on carbon material characterized by remarkable compressibility
and elasticity, while maintaining electrical conductivity, making it promising for applications in batteries,
sensors, EMI shielding, and lightweight structures. When combining GaN with aerographite, it results in
forming adaptable networks perfect for micro-opto-electro-mechanical systems and other bendable
electronics. The 3D Aerographite-GaN hybrid nanoarchitectures with a flexible, interconnected network
was successfully created by directly growing GaN nano- and micro-structures on Aerographite tubes using
the HVPE techniques [4]. This process resulted in a uniform growth of highly crystalline GaN on both the
inner and outer surfaces of the graphitic tubes, strongly attached to prevent clumping, while maintaining
multiple growth directions indicative of free growth. The resulting hybrid material exhibits strong UV and
yellow emissions, retains the flexibility of the Aerographite template, and demonstrates stress-dependent
electrical conductivity, making it suitable for various applications such as sensors, self-reporting materials,
and next-generation lightweight conducting composites for electronic and photonic devices. Aerographite,
known for its Ohmic behavior, forms a hybrid network with GaN that displays a slightly non-linear current-
voltage (I-V) response, indicating successful integration of GaN nano- and microstructures [4]. A non-
linear I-V behavior is observed, and can be attributed to the non-Ohmic contact points between GaN
structures and Aerographite. SEM images in Figure 2 illustrate the growth of GaN structures on both the

outer and inner surfaces of the microtubular Aerographite network. Given the flexibility of the hybrid
network, its resistivity under compression has been measured, as shown in Figure 2c¢.
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Figure 2. SEM pictures of acrographite-GaN hybrid nanostructures (a), (b); cyclic loading-unloading
response (compressive) of the AG-GaN network under compressive stress (c) [4]

Compression reduces the resistivity of the AG-GaN 3D hybrid network, mainly due to an increase in the
number of electrical contacts. Once the stress is removed, the resistivity returns to its original value. The
network's mechanical flexibility causes cyclic variations in electrical current. The stress-dependent
electrical conductivity of this synthesized hybrid network offers potential for applications in pressure
sensors, actuators, and self-reporting materials. In conclusion, Gallium Nitride, through its variety of 3D
nano-micro-architectures, proves to be a versatile and promising material poised to drive innovations in
sensorics, electronics, optoelectronics, and beyond. The 3D nano-micro-architectures based on GaN,
obtained under a precise control over the material growth on different substrates, allows the fine-tuning of
the materials® properties and foster the development of novel practical applications [5].
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1. Introduction

Surfaces and interfaces play a critical role in numerous applications [1]. Tuning the surface hydrophilicity
and hydrophobicity, tribology, adhesion and lubricity, as well as its anti-fouling properties, is a fundamental
requirement for the successful exploitation of cutting-edge technologies ranging from optoelectronics to
sensors and coatings.

The preparation of polymer brushes by grafting to reactions, the chemical reaction of end-functional
polymers with a substrate, is an extremely versatile and cost-effective approach for surface design. The
elite role of the grafting to reaction derives from the control that such approach guarantees over the brush
thickness (H) and the number of chains anchored per unit of area, referred to as grafting density (X), which
are key parameters to determine the polymer brush properties. X is commonly estimated by Eq. 1[2].

HdNgy
M’n

2= (1

in which d is the polymer density, Ny is the Avogadro’s number and M, is the number average molecular
weight of the graftant polymer. Furthermore, the grafting to reaction is generally considered as a self-
limiting process, meaning that both H and X increase with grafting time until reaching a limiting value.

In spite the large amount of work dedicated to clarifying the fundamental aspects of the polymer brush
formation by “grafting to”, there are still very important aspects that are commonly accepted without
having been adequately analyzed.

2. Results and discussion

The self-limiting nature of the grafting to reaction is conventionally explained by considering the increasing
difficulty of a polymer chain to diffuse through the previously grafted chains. As the number of grafted
chains increases, diffusion becomes more and more hampered and the growth of the brush layer becomes
controlled by the stretching of the chains. This view is widely used to explain the kinetic course of the
grafting reaction but indeed it assumes that the grafting reaction is irreversible, as well stated in the
Kramer’s model [3].

However, it has recently been shown that when the grafting process if carried out under conditions in which
the reaction is reversible, the grafting process turns to be of mechanochemical nature [4]. This experimental
observation discloses several opportunities to obtain nanoengineered surfaces by exchange reactions
between preformed polymer brushes and functional polymers localized on the brush surface by suitably
oriented block copolymers.

Another fundamental key point of the grafting process is the assumption that the average molecular weight
of the chains that make up the polymer brush is identical to that of the polymer prior to grafting. This
hypothesis is implicitly contained in the use of the Eq. 1 to estimate the grafting density from the thickness
of the brush layer and the molecular weight of the synthesized polymer.

25




Progress in Organic and Macromolecular Compounds 3
30“?6 pris g . (MACRO lasi) 2025

However, partitioning effects as a function of the molecular weight occur at interfaces and result in the
enrichment or surface depletion of species with different molecular weight and/or terminal groups [5]. A
significant experiment that was carried out to explain these phenomena is discussed below.

Hydroxy and phosphate -terminated polystyrenes as model polymers were employed to compare the brush
evolution during the occurrence of the grafting to reaction performed in melt onto not-deglazed and
deglazed silicon substrates. A schematic picture of these processes is provided in Figure 1.

Br.
Br - Br. -
Br c o
0
0] g o)
o] _ 0
o X=H or OH 0, 0
O o\
HO S o\ d
N
+x +x o—Fl’=o
| T | 0
Si Si

Figure 1. Schematic representation of the grafting to reaction of hydroxy or diethylphosphate-terminated
polystyrene onto not-deglazed (left) and deglazed (right) silicon substrates.

When the reaction is carried out on polar not-deglazed silicon, a preferential grafting of the shortest
component of a disperse polymer sample is systematically observed. This fact was attributed to the lower
entropic penalty at which short chains are subjected when their reactive end-group approach the substrate.
This reduces the reaction rate constant of the short chains, thus producing preferential grafting.

Furthermore, in the cases of phosphate-terminated polystyrenes, the brush enrichment of short chains is
independent from the grafting time at 250 °C, whereas an over enrichment of short chains is observed in
the first reaction times at 190 °C. This fact is attributed to a preliminary adsorption of short chains that is
due to the affinity between the phosphate group and the surface.

In a completely different way, when the reaction is carried out with phosphate-terminated polystyrenes on
apolar deglazed silicon, the obtained brushes result systematically depleted by short chains. In this case,
the affinity between the phosphate group and the surface is extremely low and it is supposed to play a role
opposite to the one described above.
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Figure 2. Main parameters and factors affecting the polymer brush characteristics
obtained by grafting to reaction.

3. Conclusions

In conclusion, it will be demonstrated that the mechanism of the grafting to process is extremely complex
and involves a variety of aspects as schematically illustrated in Figure 2. All of them will be presented and
discussed to give a sound guide in the preparation of new surfaces with precisely tuned characteristics.
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1. Introduction

Activation of small molecules (as, for example, H», N>, NoO, NO, CO, CO», ethylene, acetylene, etc.) based
mainly on transition metal compounds was and still is a research topic which raised a lot of interest related
to synthetic chemistry [1], and different strategies were developed to achieve this task (e.g. use of
complexes of redox-active ligands, bimetallic and oligonuclear systems [lb], cooperative systems,
frustrated Lewis pairs [1c], etc.).

Following the seminal review of Philip P. Power [2] which underlined the similarities between the
chemistry of heavier Main Group metal compounds and transition metal complexes, especially regarding
the reactivity, under mild conditions, of particular Main Group organometallic species towards saturated
(H2, NH3) and unsaturated (CO,, N>O, olefins, alkynes) small molecules, the interest on the activation of
small molecules by compounds of s- and p-block elements has continuously developed [3].

So far, important achievements in this field have been made in (7) understanding the importance of ligand
design for the stabilization of low-coordinate and/or low-oxidation state species of Main Group metals; (i7)
the synthesis of well-defined molecular compounds with one or more metallic centres in low-coordinate
and/or low-oxidation state, as well as the synthesis of cations, anions and radical species of Main Group
metals, or (ii7) the development of strategies for small molecule activation, e.g. the use of frustrated Lewis
pairs [4a-c], complexes of redox-active ligands [4d], low-valent main group species [3b,4¢], or main group
ambiphiles [4f].

2. Results and discussion

The use of transition metals and their compounds as catalysts in synthetic chemistry, both at laboratory and
industrial scale, is a topic well established and largely documented. The challenge to develop catalytic
applications from the feasible stoichiometric reactions between small molecules and Main Group
organometallics was also achieved in some cases. Fascinating results were reported for heavy pnictogen
(antimony and bismuth) compounds, including catalytic activity, activation of CO, and other small
molecules, or C—H activation [5].

Particularly, in the context of C—H bond activation using heavy organopnictogen(Ill) species [6a], a
research topic on organobismuth(Ill) bis(phenolates) and the unusual Bi-oxyaryl species [2,6-
(Me2NCH:)>CsH3]Bi(CeH2'Buz-3,5-0-4) raised interest [Sb,h,n]. By contrast, the chemistry of the lighter
metalloid, antimony(III), is comparatively less developed [5a]. Here we report on our results on the fixation
of CO, and C—-H bond activation, as well as related chemistry, using low valent organopnictogen
compounds [6]. The synthesis, structural characterization and reactivity of organopnictogen(IIl)
bis(phenolates) and related thio and seleno derivatives, ArPn(EAr'), (Pn = Sb, Bi; E = O, S, Se) [6e.f],
where the Ar groups attached to the metal atom are aromatic ligands with two pendant arms, i.e. 2,6-
(RzNCH2)2C6H3 (R = Me, iPI‘) or 2,6— {E’(CHZCHZ)ZNCH2}2C6H3 (E' = NMe, O), will be presented. The
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reactions of ArPnCl, with [2,6-'Bu,CsH3O]K were investigated and special attention was given to the
synthesis, structure and reactivity of [2,6-(Me:NCH,),CsH3]Sb(CéH2'Buz-3,5-0-4) (1), an
organoantimony(Ill)-oxyaryl species obtained upon Csy»—H bond activation in a phenolate ligand [6g]. The
mechanism leading to the formation of 1 is highly sensitive to steric considerations as probed
experimentally and by DFT calculations. All data agrees with a process involving charged species, rather
than free radicals as previously considered for congeneric bismuth species. The nucleophilic behaviour of
the oxyaryl ligand in 1 was illustrated in derivatisation reactions, e.g. insertion of CS; in the Sb—Coyyaryi
bond, thus generating a new C—C bond in [2,6-(Me>:NCH,),CsH3]Sb(S.C—CsH>'Bu,-3,5-0-4) (2) (Figure

1).
By ,'O
5/'9‘\3
; Cs; e
Z=N—8b—N Z=N—S8b—N=
THF / pyridine
rt,5h
(89 %)

Figure 1. Reaction of the organoantimony(I1I)-oxyaryl species 1 with CS,, generating a new C—C bond in
[2,6'(M€2NCH2)2C6H3]Sb(SZC_CﬁHZtBu2'3,5'O'4) (2) [6g]
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1. Introduction

Thermoresponsive block copolymers have been extensively studied for their potential in biomedical
applications. Their thermoresponsive performance can be finely tuned by varying the structural features,
such as monomer sequence and chemical composition. The efficacy of this strategy has been widely
demonstrated in diblock and triblock systems [1]. Our previous work showed that the tetrablock
terpolymers could exhibit an enhanced gelation performance compared to their triblock counterparts, as
long as the additional block was appropriately positioned and composed [2]. However, likely due to
challenges in the synthesis, the effect of the structural features of pentablock terpolymers remains poorly
explored.

In this study, we systematically investigated the effects of monomer sequence and chemical composition
on the thermoresponsive phase transition of symmetric pentablock terpolymers, using a complete set of in-
house prepared symmetric pentablock terpolymers comprised of hydrophilic (oligo(ethylene glycol) methyl
ether methacrylate) (average MM of monomer = 300 g/mol, OEGMA300, unit A), hydrophobic n-butyl
methacrylate (BuMA, unit B), and less-thermoresponsive (di(ethylene glycol) methyl ether methacrylate)
(DEGMA, unit C). This abstract, condensed from our two published articles [3,4], highlights a novel
monomer sequence with superior gelation performance. Further compositional variation also identified
interesting time-dependent evolution patterns of the gelation performance.

2. Experimental

The terpolymers were synthesised via one-pot group transfer polymerisation by sequential addition of
OEGMA300, DEGMA, and BuMA in a pre-determined sequence and amount. A bifunctional initiator was
incorporated to prepare the symmetric pentablock terpolymers, while a monofunctional initiator was
employed to synthesise triblock terpolymers as controls. The thermoresponsive properties of the resulting
polymers, including cloud point temperature (7p), visual gel point, rheology properties, and the evolution
of hydrogel network structure, were systematically investigated. Small angle X-ray scattering (SAXS)
experiments for the structural analysis were performed on Beamline B21, Diamond Light Source, Didcot,
UK.

3. Results and discussion

For clarity in the following discussion, the obtained terpolymers were labelled according to their monomer
sequence. This includes six pentablock terpolymers: ABCBA, CBABC, ACBCA, BCACB, BACAB, and
CABAC, as well as three triblock controls: ABC, ACB, and CAB. All terpolymers share a consistent
composition of 45-25-30 wt% (OEGMA300-DEGMA-BuMA) and M, of approximately 9200 g/mol. GPC
and '"H-NMR analysis confirmed that the chemical structures met the requirements of this study.

The thermo-induced phase transition of the terpolymers was investigated by turbidimetry at 1 wt% in
deionised (DI) water. As shown in Figure 1(a), ACBCA, BCACB, ABCBA, ACB, and ABC exhibit
relatively higher T¢, values, while the others display lower T¢ps in the range of 40-43 °C. This difference
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can be attributed to the core-shell micelle conformation of these terpolymers in aqueous media. Taking
ACBCA as an example, the outermost layer of the micelles is dominated by the poly(OEGMA300) blocks,
as illustrated in Figure 1(b). In this case, the micelles could remain stable at higher temperatures, resulting
in a higher T¢,. In contrast, the micelles formed by CABAC possess a poly(DEGMA)-rich outermost layer.
Due to the lower LCST of poly(DEGMA), the micelle shell may dehydrate and collapse at lower
temperatures, thereby lowering the 7.

60 .
(a) (b)  Higher T..: outermost layer (c) BCACB ABC
5554.0 ] dominated by poly(OEGMA300) 85wz f ¥ § i T
6043t
5 5 Example: ACBCA .655" il 5
= T.,=54.0+0.1°C oS R
k454 433 433 435] .g I 2
T 4533 1
w© Lower T, outermost layer g a
1 . 13 I I
dominated by poly(DEGMA) 240 -
3 ! 'IEBEER
Oﬁc’v YE? c,?‘oe vg'o eﬁe‘b Q;‘so ?d‘_b ng-c' ﬁv@ * Example: CABAC 30455 T T T T T gL % % % % %
& & ¥ & F J T.=433+05°C 0 5 10 15 20 25 0 5 10 15 20 25
Architecture s Concentration (wt%) Concentration (wt%)

BCACB: %
Self-assembly % %% Heating
—_——
W Gelation by intermicellar
% % bridging chains

Figure 1. (a) Comparison of T, values of the pentablock terpolymers and triblock controls, measured by
turbidimetry at 1 wt% in DI water; (b) schematic of micelle conformation formed by ABCBA and
CABAC in aqueous media; (c) phase diagrams of the two gellable terpolymers in PBS (pH = 7.4, 1x),
with gellable temperature and concentration range highlighted in blue colour; (d) schematic
representation of thermogel formation by BCACB. Redrawn based on Ref. [3].

The gelation properties of the pentablock terpolymers was initially investigated by visual tests in PBS (pH
= 7.4, 1x). Among them, it was found that BCACB was the only gellable pentablock terpolymers. This
terpolymer demonstrated enhanced gelation performance over the ABC triblock control, showing a broader
range of gellable temperature and concentration (Figure 1(c)). This enhanced gelation is likely due to its
unique ability to form stable intermicellar bridging chains, which facilitates the formation of hydrogel
network (Figure 1(d)). Notably, the lower boundary of the gellable temperature range is close to
physiological conditions, highlighting the potential of the BCACB pentablock terpolymer as thermogelling
agent for biomedical applications.

Further variations in the composition of the BCACB sequence also altered the gelation performance of the
resulting terpolymers. While both the hydrophobic terpolymer with a composition of 40-25-35 wt% (named
as ODB(40-25-35)) and the hydrophilic one of 45-30-25 wt% (named as ODB(45-25-30)) began to form
hydrogel at 10 wt% in PBS, the intermediate terpolymer of 40-30-30 wt% (named as ODB(40-30-30))
exhibited gelation at a lower concentration of 5 wt% in PBS. Moreover, ODB(40-30-30) consistently
showed higher values of maximum storage modulus (G max) than the other two across all the gellable
concentrations.

Since thermoresponsive hydrogels are typically intended for long-term applications, such as sustained drug
release and tissue engineering, it is important to understand their time-dependent behaviour. Notably, time-
resolved rheometry and SAXS revealed three distinct evolutionary patterns of the BCACB hydrogels
(Figure 2). For the intermediate ODB(40-30-30), the storage modulus (G’) reached a maximum and
stabilised from around 900 s. This trend closely mirrored its time-dependent volume fraction (¢) of
correlated micelles, as derived from SAXS models. This relationship between G’ and ¢ suggests that the
elastic-active bridging chains govern the development of the hydrogel network formed by ODB(40-30-30).
In contrast, G’ of ODB(40-25-35) hydrogel gradually decreased after peaking at about 600 s, while its ¢
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showed a slight but steady increase. This negative elastic-active relationship was attributed to the large-
scale defects within the hydrogel network caused by excessive micellar association. ODB(45-25-30)
consistently exhibited the lowest G, despite a linear increase in ¢. This suggests that the ODB(45-25-30)
hydrogel was configured by weak, dynamic entanglements within overlapping micelle shells, instead of
elastic-active bridging chains.
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Figure 2. (a) Moduli-time plot of the three BCACB terpolymers at 10 wt% in PBS at 44 °C, recorded by
time-resolved rheometry; (b) the time-dependent variation in the volume fraction of correlated micelles,
derived from time-resolved SAXS analysis. Redrawn based on Ref. [4]

4. Conclusions

The presented work demonstrates the effect of monomer sequence on thermoresponsive performance of
symmetric pentablock terpolymers composed by OEGMA300 (unit A), BuMA (unit B), and DEGMA (unit
C). Notably, the BCACB terpolymer exhibits superior gelation performance over other counterparts.
Further compositional variations on this terpolymer highlight the importance of a balanced ratio of
hydrophilic and hydrophobic components in the configuration of resilient thermoresponsive hydrogel
network.
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1. Introduction

Personalized medicine as a concept began in 1953, when Watson and Crick discovered the DNA double
helix (Figure 1). Further, the concept was developed by the Human Genome Project (1990-2003), which
provided an understanding of the fact that the effect of a drug is different from patient to patient, being
related to each individual's genome. This understanding, along with progress in biomarkers,
pharmacogenomics, and molecular diagnostics, has resulted in our days conception of tailoring medications
to each patient's unique profile.

2. Results and discussion

In this environment, in 1998, John Funkhouser, as Chief Executive Officer of PharmaNetics, in a press
release, introduced the notion of theranostics, which integrates treatment and diagnostics, subsequently
actualized using multifunctional non-viral vectors [1]. As an important observation, theranostics is the next
step of personalized medicine; it not only delivers the treatment but also shows, through imaging, how the
treatment is working in real time. This way, theranostics turns personalized medicine into a practical tool
at the bedside. In parallel, Felgner in 1987 introduced cationic lipids as non-viral vectors in lipofection, as
secure alternatives to viral carriers, and later in 1995, Boussif introduced polyethylenimine [2,3].
Collectively, these advancements established the groundwork for precision medicine founded on secure,
focused, and cohesive treatment frameworks (Figure 1).

Personalized medicine can be achieved through several complementary strategies (Figure 2). Genomic
profiling enables sequencing to identify mutations and molecular targets. Biomarker identification using
proteins, metabolites, or imaging signals allows patient stratification. Non-viral vectors (e.g., polymeric,
gold, silica, carbon dot nanoparticles) serve as reliable platforms for medication and gene delivery. Targeted
delivery is achieved by functionalization with ligands, antibodies, or peptides to ensure cell and tissue
selectivity. By continuously modifying therapy, adaptive treatment is made possible by real-time
monitoring using PET, SPECT, MRI, and CT. Finally, multimodal theranostics amalgamates therapy,
imaging, and feedback into a single platform to facilitate personalized treatment.

Theranostics combines therapy and diagnosis into a unified system, facilitating real-time assessment of
treatment efficacy and enhancing individualized medicine with increased accuracy and fewer adverse
effects.
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Figure 1. The evolution of personalized medicine toward theranostics and non-viral vectors.
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Non-viral vectors, from gene to precision care, named “engines of personalized medicine”, are central tools
that make personalized medicine (Figure 3) practical by ensuring safe, targeted, and adaptable delivery of
therapies, often combined with diagnostic imaging (theranostics).
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Figure 3. Non-viral delivery vectors: foundations of personalized medicine.

Briefly, the use of non-viral vectors in personalized medicine has the following advantages:

= Safety to use — deliver DNA, RNA (siRNA, mRNA) or drugs without the risks of viral integration or
strong immune reactions.

= Can be designed as a function of the genetic profile of patients, the type of disease, and the needed
treatment.

= Can be designed to deliver genes and drugs, essential for gene silencing, gene editing, and controlled
drug delivery.

= (Can be designed for theranostics applications — can be radiolabeled or functionalized for imaging
(PET, SPECT, MRI) while simultaneously carrying therapeutic payloads.

Several types of nanoparticles could be utilized as theranostic platforms (Table 1). Among them, gold
nanoparticles are versatile carriers for gene and drug delivery and act as imaging agents. Iron oxide
nanoparticles combine MRI contrast with magnetic hyperthermia, while quantum and carbon dots can offer
tunable fluorescence for bioimaging and mesoporous silica nanoparticles are able to load a high drug
amount with controlled release.

Polymeric nanoparticles, such as PLGA, are biodegradable carriers already in clinical use. Hybrid systems
integrate multiple functions, allowing simultaneous therapy and diagnosis.
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Table 1. Nanoparticle types, applications, and limitations as a theranostic platforms.

Nanoparticle .. Imaging Key Limitations /
Therapy applications . .
type modalities references disadvantages
High cost; limit
Gold Photothermal thera CT, elr%etrczzfo’n lcllle:l telflof
nanoparticles drug/gene delive v PET/SPECT, [4.5] i ht; ossiblelion
(AuNPs) ge vy optical g p ong
term accumulation
Iron oxide . . Aggregation tendency;
. M tic hyperth ,d . )
nanoparticles agnetic d}gl)ieve ermia, Crug MRI [6,7] risk of long-term tissue
(SPIONSs) y accumulation
Toxicity due to h
Quantum Dots ) Fluorescence, oxicity .ue? © e'av'y
Drug/gene delivery . [8,9] metals); limited clinical
(QDs) optical .
translation
) L tability vs.
Carbon Dots Drug/gene delivery, Fluorescence, OWeT Stabtiity vs
. . . [10,11]  QDs; moderate drug
(CDs) photothermal/photodynamic  NIR imaging ) .
loading capacity
Mesoporous . . . MRI (doped), Slow clearance;
o High- ty drug del , .
Silica NPs lg. ca.pam Y r}lg cuvery PET/SPECT, [12,13] potential inflammatory
stimuli-responsive release
(MSNs5) fluorescence response
Carbon-based ..
nanomaterials Raman Toxicity and
Photothermal, photodynamic, ’ biodegradability
(graphene, drug/gene delive fluorescence, [14.15] concerns; regulato
CNTs, ge very multimodal - feguiatory
. hurdles
nanodiamonds)
for labeling f(
PolymericNPs PET/SPECT, Need for labe I?g of
ontrolled drug delive imaging; sometimes
(PLGA, PEG, ene carrgiers 7 Muorescence,  [16,17] limi%edgs’tabilit in
dendrimers) & MRI (labeled) . . 4
circulation
Hybrid NPs ( Multi-therapy (photothermal =~ Multimodal Complex synthesis;
Au@Fes0a, + hyperthermia + drug (MRI+ CT + [18,19]  high cost; scalability
silica-coated Au) delivery) PET/SPECT) issues

AuNPs = gold nanoparticles; SPIONs = superparamagnetic iron oxide nanoparticles; QDs = quantum dots; CDs = carbon dots;
MSNs = mesoporous silica nanoparticles; CNTs = carbon nanotubes; PLGA = poly(lactic-co-glycolic acid); PEG = polyethylene
glycol; MRI = magnetic resonance imaging; CT = computed tomography; PET = positron emission tomography; SPECT =

single-photon emission computed tomography; NIR = near-infrared; PTT = photothermal therapy.

3. Conclusions

Personalized medicine signifies a transformative change in healthcare, providing a patient-oriented

methodology whereby treatments are customized according to each individual's genetic and clinical

characteristics. Advancements in precision targeting allow medicines to focus on particular mutations,

biomarkers, or pathways, hence improving effectiveness. Simultaneously, reduced side effects are obtained

by better dosage and targeted administration methods. Dynamic monitoring, including imaging modalities
and biomarkers, enables real-time adjustment of treatment plans. The integration of theranostics, which

combines diagnosis and treatment into a unified platform, enhances the capacity of customized medicine
to revolutionize contemporary clinical practice.
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1. Introduction

Polymeric micro- or nanocapsules and multicompartment systems are highly interesting in the field of
nanoreactors and in mimicking biological systems and processes. Of special interest is the introduction of
a stimuli-responsiveness into the capsule shell to be able to control the traffic through the membranes.

2. Results and discussion

Photocrosslinked, pH sensitive polymersomes: Robust, pH-responsive and multifunctional
photocrosslinked polymersomes will be reported, which are interesting for studies in synthetic biology, but
also for application as nanoreactors in microsystem devices and in nanotechnology. While pH sensitive
polymersomes usually disassemble upon acidification, ours show a definite swelling, since the cross-linked
membrane remains intact, and they allow pH-dependent diffusion of small molecules through the
membrane (Scheme 1). Thus, cascade enzyme reactions could be carried out under pH control using
polymersome-encapsulated enzymes and specific features of organelles could be mimicked' and the
effectivity of the cascade enzymatic reactions could be increased by clustering [2]. In such pH-responsive
and photo-crosslinked polymersomes various functions can be integrated e.g. additional light or redox
responsiveness, and they can be decorated with various functionalities and bioactive biomacromolecules to
achieve specific binding properties, targeting or therapeutic action [3-5].

N

M 1-2
o 0._0O
O%/\
~
; o

i

Scheme 1. left: pH-sensitive and crosslinkable block copolymer; top: schematic presentation of the self-
assembly into polymersomes and UV crosslinking of the pH sensitive block copolymer; bottom: TEM
images of the collapsed and swollen polymersomes [1].

Proteinosomes as multicompartments: Larger proteinosomes (up to 50 micrometer), prepared by pickering
emulsion from BSA-PNIPAAm bioconjugates, have been realized as synthetic cell wall, and those
compartments have been equipped with the smaller pH-responsive polymersomes, mimicking organelle
structures in a cell [6-10]. Examples will be given how these multicompartments can be used to study

complex cellular functions controlling cellular traffic, including the formation of cytoskeleton-like
structures within the proteinosomes (Scheme 2) [9].
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Scheme 2: Multicompartments based on polymersomes-in-proteinosome;
left: enzymes loaded into the polymersomes allowed to trigger feed-back loop reactions based on pH
differences [7]; right: generation of a cytoskeleton-like structure in proteinosomes from intracellular
membrane-active artificial organelles [10].

Coacervates: The dynamics of membranes are integral to regulating biological pathways in living systems,
particularly in mediating intra- and extracellular communication between membrane-less and membranized
nano- and microcompartments. The membranization of membrane-less coacervates and further
demembranization under control of the coacervate architecture paves the way for the exploitation of
complex protocells. Different coacervate-based protocell transformations will be presented making use of
ionic interactions of charged terpolymers with the coacervate components. Two different terpolymers are
used with variations in the hydrophobic blocks but the same hydrophilic block [11,12].

Membrane-less coacervate Terpolymer NPs membranized Giant terpolymer
microdroplets coacervate protocells NPs vesicles
% O
Q
PDDA 2
D70 , B ¢
+ —) 0y
O [} Vo)
Qo o
3L >
ATP
s N Addition of terpolymer
©)L32¥ A= IRVAVAYA = _
o= 7o 71 45
H Terpolymer: Contribution of coacervate components
Hé— PMAA-b-PHPMA-b-PEG needed for membrane formation

Scheme 3. Transformation process of membrane-less coacervates (MLC) to terpolymer membranized
coacervates (TMCs) and giant terpolymer vesicles (GTVs): MLCs are established via mixing of cationic
PDDA and anionic ATP; subsequent addition of a terpolymer (PMAA-b-PHPMA-b-PEG) solution leads

to formation of TMCs and the further reconfiguration into GTVs; membrane formation by aggregated

terpolymer NPs on outer surface of coacervates is only possible when
coacervate components participated [11].

The first transformation process is orchestrated by altering the balance of non-covalent interactions through
varying concentrations of an anionic terpolymer, leading to the deposition of terpolymer nanoparticles
(NPs) at the coacervate surface to fabricate membranized coacervates and, finally, giant vesicles (Scheme
3) [11].

A second strategy presents the controlled demembranization of membranized coacervate droplets [12].
After the formation of a solid-like membrane of coacervates by terpolymer-based nanospheres, the addition
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of an anionic polysaccharide triggers the demembranization process arising from electrostatic competition
with the membrane components, resulting in demembranized polysaccharide-containing coacervate
droplets. These membranization/demembranization processes not only allow for the controlled structural
reconfiguration of the coacervate entities, but also varies their permeability towards (biological)
(macro)molecules and nano- and micro-scale objects. Additionally, integrating a polymersome membrane
facilitates the creation of bilayer and "Janus-like" membranized coacervates. This is a strong advancement
toward the creation of synthetic cells with different diffusible compartments and the development of
coacervate protocells with hierarchical and asymmetric membrane structures.
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1. Introduction

Nafion is the commercial benchmark for proton exchange membranes (PEM) in fuel cell applications.
However, due to its fluorine content, it has a high environmental impact. The transition from fluorinated
materials to environmentally friendly hydrocarbon membranes while maintaining conductivity, mechanical
stability, and chemical resistance is desirable in energy conversion applications. Syndiotactic polystyrene
is arelatively new semi-crystalline material that becomes hydrophilic through appropriate functionalization
by sulfonation and is therefore proton-conductive upon hydration. The solid-state sulfonation process
enables homogeneous functionalization of the amorphous phase across the entire membrane thickness
without compromising crystallinity. Under conditions of high functionalization, s-sPS exhibits ion
conductivity and mechanical stability comparable to Nafion.

In order to understand the ion transport properties of s-sPS membranes under various application-relevant
conditions and to identify optimization conditions, we first wanted to understand the morphology of the
hydrated domains and the molecular dynamics of water at the microscopic level. Scattering methods using
neutrons provide complete information about the meso- and nanoscale structures and molecular dynamics
over a wide time scale in such materials. The particularly strong difference in neutron scattering cross
section between the hydrogen isotopes protium ('H) and deuterium (*H or D) offers the unique advantage
of D-labeling (contrast variation) of hydrocarbon materials such as synthetic or natural polymers. The
combination of small-angle neutron scattering (SANS) over an extended Q range in structural investigations
with quasi-elastic neutron spectroscopy (QENS) with variable resolution in molecular dynamics
investigations is the ideal experimental approach for understanding s-sPS ion membranes at the microscopic
level.

2. Experimental

This report covers SANS and QENS experiments on functionalized (sulfonated) syndiotactic polystyrene
(s-sPS) conducted at various neutron scattering instruments installed at either stationary (reactor) or pulsed
(spallation) neutron sources [1]. The polymer membranes were exposed in situ to controlled variation in
relative humidity (RH) and temperature (T) within the range of application relevant conditions.

The experimental data were interpreted using structural and dynamic models to extract the parameters of
interest, such as the size and shape of the hydrated domains, the volume fraction of water in the membrane
and the hydrophilic phase, and the dilution law from a structural point of view, but also the type of
dynamics, the characteristic time and diffusion coefficients of various motion processes, and the number of
water molecules involved in different dynamic modes from a microdynamic standpoint. Deuterated sPS
films were used, which kept the incoherent background at a low level. In addition, this enabled reliable
recording of coherent structural information during neutron contrast manipulation in both the functionalized
amorphous and crystalline phases by using H,O or H,O/D>O mixtures in different ratios for membrane
hydration and doping the crystalline form (clathrate with guest molecules) with protonated guest molecules
to highlight the crystalline scattering properties. Moreover, using deuterated films, the water dynamics in
the QENS experiments could be specifically investigated using H>O in the membrane hydration.
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3. Results and discussion

SANS provides information about the size, shape, orientation, and density of the scattering objects, as well
as their organization into higher-order units/aggregates. To separate the contributions of the crystalline and
hydrated amorphous phases for a robust analysis, uniaxially deformed polymer films were used. In this
way, the scattering contributions of different morphological components, such as crystalline lamellae or the
crystal lattice, appear at different scattering angles depending on their size and are distributed to specific
detector sectors depending on their orientation and alignment with the sample deformation. Examples of
SANS patterns collected over an extended Q range from a uniaxially deformed s-sPS membrane at RH =
85% are shown in Figure 1a, as measured across the equatorial and meridian sectors of the detector.

RH ionomer

85% __ peak

010
peak

101

I (em™)

4 meridian sectors %,
»  equatorial sectors
model fit

Figure 1. SANS patterns (a and b) measured on uniaxially deformed s-sPS membranes under various RH
conditions, and the morphology resulting from the model interpretation of the scattering data (c); the
meaning of the parameters and labels is explained in the text.

The three scattering characteristics specific to this type of membrane are recognizable: 1 — the interlamellar
correlation peak, which can be observed in the meridian sector and is caused by the correlation between
aligned lamellae along the deformation axis over the distance dim; 2 — the ionomer peak, which can be
observed in both the meridian and equatorial sectors and indicates the correlation length dion, between the
ionic clusters that are randomly distributed within the functionalized amorphous phase; and 3 — the 010
crystal peak due to the correlation between the crystal planes in the lamellae over the distance doi9, which
are aligned along the axis perpendicular to the deformation direction. The ionomer peak is a direct
indication of the ionic character of the material and its hydrophilicity: the more water is absorbed by the
membrane, the larger the correlation length between the ion clusters, causing the peak position in the
scattering experiment to shift to lower Q values (Figure 1b). Furthermore, the preservation of the crystalline
peak 010 at the same position (Figure 1b) regardless of the treatment conditions of the membrane (RH and
T) indicates a high mechanical stability of the membrane. The model interpretation of a large number of
scattering data from membranes under different degrees of functionalization, neutron contrast, RH, and T
conditions is shown in Figure lc: In contrast to NAFION, which is characterized by a bicontinuous
distribution of hydrophilic and hydrophobic phases, water accumulates in the s-sPS membranes in spherical

clusters that increase in size with increasing RH and connect with each other until they eventually develop
into cylindrical channels when the membranes are equilibrated in water. Due to this special morphology of
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the hydrated domains, the high ion conductivity in s-sPS can only be maintained at a high degree of
hydration, as was also demonstrated by conductivity measurements.

high resolution (1 peV)
middle resolution (3.6 peV)
low resolution (13ueV)

Intensity

0.00 0.02 0.04 0.06 0.08 0.10
energy transfer (meV)

Figure 2. QENS spectra (symbols) of a deuterated s-sPS membrane hydrated in situ with H,O vapors at a
RH = 85%, measured with different instrumental resolutions (lines).

Figure 2 shows examples of QENS spectra from water dynamics in s-sPS membranes: the broadening
towards higher energy transfers of the elastic line centered at zero energy transfer indicates quasi-elastically
scattered neutrons due to energy exchange with the mobile water molecules: the better the experimental
resolution, the slower the movements of the water molecules could be detected. The model interpretation
of the experimental data enabled the characterization of several dynamic modes in terms of the
characteristic time between nanoseconds and picoseconds, the corresponding diffusion coefficient, the
spatial extent of the movement, and the number of water molecules involved in each mode, whereby the
amount of water absorbed by the membrane was known.

4. Conclusions

The application of neutron scattering techniques to investigate the structure and morphology of hydrated
domains at the meso- and nanoscale as well as the water micro-dynamics on a time scale between ns and
ps in sulfonated syndiotactic polystyrene membranes is extensively reviewed.
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1. Introduction

The journey from linear to star-shaped polymers is not just a change in macromolecular architecture, but
also an important step in polymer science with wide theoretical and practical impact. Although the concept
of non-linear macromolecules, such as branched and star-like polymers, was already proposed more than
eighty years ago, the interest in these complex structures remained modest for a long time. Their synthesis
posed significant challenges, and controlling their architecture was difficult. At the same time, dendrimers
— perfectly branched, monodisperse macromolecules — emerged as a new class of materials with
intriguing properties, further stimulating interest in branched polymers and challenging chemists to develop
polymeric analogues with comparable functionality but improved accessibility and cost-efficiency.

Among the various classes of branched polymers, star polymers represent a particularly interesting and
versatile architecture [1,2]. These macromolecules consist of multiple linear polymer arms — either
homopolymers or copolymers — covalently attached to a central core. This core, often referred to as the
branching centre serves as the structural “nucleus” around which the star-like architecture is formed. For
many years, scientific interest in star polymers primarily centered on mastering their structural control
rather than exploring their functional or biological potential. However, recent advancements in
polymerization techniques and molecular design have shifted this focus. The growing accessibility of
synthetic methods, coupled with the ability to achieve high molar masses and multifunctionality, has
positioned star polymers as promising candidates for a wide range of biorelated applications. One of the
most attractive features of these polymers is the tunability of their macromolecular parameters. By adjusting
the molar mass or modifying the chemical nature and functionality, it is possible to tailor the physical,
chemical, and biological properties of the resulting polymeric nanostuctures. In the case of stars, the linear
arms themselves can be composed of a wide polymer types, including various block or random copolymers,
allowing for fine control over solubility, degradability, and compatibility with various biological
environments. Thanks to this architectural flexibility and the growing ease of synthesis, star polymers are
no longer just a topic of academic interest. They are now recognized as functional nanomaterials with high
potential for biomedical applications, smart materials, and nanotechnology. Their unique combination of
branched structure, tunable chemistry, and multifunctionality opens new routes for innovation in polymer
science and engineering.

2. Results and discussion

The aim of this work was to develop functional polymers of various topologies and to investigate the ability
of selected nanostructures for interactions with bioactive substances, cells and bacteria. Star polymers with
both low molecular weight cores as well as hyperbranched polymeric cores have been successfully
obtained, and a wide variety of star topologies have been synthesized. Linear homopolymers and
copolymers of different architectures (block, random, gradient) were used as arms, while the synthesis
strategies were primarily based on controlled/living polymerization techniques. Methods such as cationic
and anionic living polymerization, atom transfer radical polymerization (ATRP), and degenerative chain
transfer polymerization (IDT) were employed, enabling precise control over the number and length of star

arms as well as the molar mass.
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Initially, star polymers were synthesized by the “arm-first” approach, in which living chains were
terminated with multifunctional agents [3]. In our subsequent works, emphasis was placed on the “core-
first” strategy, where multifunctional initiators induced the polymerization of monomers, ensuring the
absence of unreacted linear chains in the product. By this method, stars with polystyrene [4],
poly(meth)acrylate [5-7], polyacid [8], polyether [9], and poly(2-substituted 2-oxazoline) [10] arms were
obtained. The functionality of the stars was evaluated by selective alkaline hydrolysis of ester linkages,
allowing the determination of the real number of arms. For poly(tert-butyl methacrylate) and poly(N,N’-
dimethylaminoethyl methacrylate) (PDMAEMA) stars, the calculated functionalities were close to the
expected values (26-28), while for stars with poly[(oligoethylene glycol) methacrylate] P(DEGMA -co-
OEGMA) arms, a lower functionality (20-22) was observed, most likely due to steric hindrance limiting
access to initiating groups. The solution behavior of the synthesized macromolecules was also investigated.
GPC-MALLS and light scattering methods confirmed that star-shaped polymers occupied smaller
hydrodynamic volumes than their linear analogues of the same molar mass. For various systems, branching
parameters were calculated, and scaling laws describing their size in solution were established. The
existence of core—shell morphologies was demonstrated for stars with hydrophobic cores and hydrophilic
arms, which influenced their tendency to aggregate in selective solvents. Thermoresponsive behavior was
observed for poly(2-oxazoline), polyether, and PDMAEMA-based stars [5-7,10,11], with transition
temperatures being dependent on arm length, composition, and solvent conditions. pH-responsivity was
also detected in polyacid- and PDMAEMA-containing stars, where aggregation in aqueous environments
was governed by the ionization state of the arms [6,8,11,12]. The biorelevant properties of star polymers
were systematically examined.

Cytotoxicity studies confirmed that PDMAEMA and P(DEGMA-co-OEGMA) stars were non-toxic to
selected human fibroblast and fibrosarcoma cell lines [6,11,13]. Several bioapplications were successfully
demonstrated. Cisplatin was conjugated with poly(acrylic acid) arm stars with high efficiency (up to 80%,
corresponding to 45 wt% platinum), and the drug was continuously released over more than a week.
PEGylation of the outer shell enhanced drug loading and prolonged release [8,14]. PDMAEMA-based stars
were employed as carriers for nucleic acids, where the formation of stable polyplexes with DNA and RNA
was confirmed [6,15]. Cytotoxicity was reduced by the incorporation of oligo(ethylene glycol) units, while
efficient cellular uptake and gene delivery were achieved [7]. In another application, PDMAEMA stars
were used to reduce silver ions to stable silver nanoparticles, resulting in hybrid nanomaterials with
enhanced antimicrobial activity [16]. Nanostructures formed from polymers with chelate-functionalized
poly(2-oxazoline) arms also exhibited satisfactory antibacterial activity, which opens the way for their use
as potential antimicrobial agents [17]. Furthermore, P(DEGMA-co-OEGMA) stars demonstrated their
potential as drug nanocarriers by encapsulating fluorescent dyes, remaining stable in aqueous solution [5].

3. Conclusions

To summarize, star polymers of diverse compositions and functionalities were synthesized by controlled
polymerization techniques. Their structural parameters were precisely tuned, their solution behavior was
elucidated, and biorelated properties were extensively evaluated. The unique characteristics of these
macromolecular architectures - including low toxicity, responsiveness to external stimuli, and ability to act
as carriers of drugs, nucleic acids, and nanoparticles demonstrate their promise for future applications in
medicine, particularly in drug delivery and gene therapy.
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1. Introduction

Sequence controlled polymers have been attracting more and more attention to deliver the desired properties
to the advanced materials by the help of their precisely controlled compositions and architectures.
Understanding the specific multivalent carbohydrate-protein interactions is crucial to determine the
structure-property relationships and to design accordingly the next generation of functional glycomaterials.

2. Results and discussion

We investigate the structure-property relationships between the mammalian lectins and multivalent
carbohydrate polymers, which may have applications for anti-adhesion therapy [1,2]. Moreover, we have
investigated the affinity of poly(mannose-methacrylate), helical glycocopolypeptides, gp120, start shaped
glycopolymers, and cyclodextrin centered glycopolymers with a selected mannose binding lectin (DC-
SIGN) that exists on dendritic cells, using SPR technique. Selected members of a glycopolymer library
were used to demonstrate the interactions between DC-SIGN and mannose rich polymers.

We extend this study to a broader set of polymers to examine the effect of chain length, end group,
architecture, thermoresponsive block, and number of arms in the star shaped polymers on the lectin binding
(Figure 1).

SPR response (RiU)

Figure 1. Schematic representation of (a) linear GP, (b) helical glycocopolypeptide,
(c) glycoprotein 120 (gp120), (d) star shaped GP, (e) cyclodextrin centred GP,
(f) SPR measurement on glycopolymer - DCSIGN competition in solution,

(g) SPR response-time for the interaction of DC-SIGN & gp120.

Poly(2-oxazoline)s are promising class of polymers that allows several design possibilities. Functional 2-
oxazoline monomers with initiator or chain transfer agents allow creating macroinitiators for brush
copolymers. In this talk, we will highlight various combinations of 2-oxazolines that are polymerized by
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cationic ring opening polymerization and acrylates/acrylamides that are polymerized by controlled radical

polymerization techniques (Figure 2) [3].
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Figure 2. Structures of functional 2-oxazoline momomers that allows synthesis of hybrid 2-oxazoline and
acrylate copolymers.
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1. Introduction

Micro- and nano-gels made from biopolymers such as polysaccharides combine the properties of
nanoparticles and hydrogels and respond to external stimuli such as pH, ionic strength or temperature (T)
as their network structure enables swelling/deswelling transitions and they possess the appropriate
dimensions for encapsulation and nano-delivery. The addition of proteins to polysaccharides and their
coupling to form more complex morphologies opens up possibilities for fine-tuning gel properties by
physically cross-linking the components and modifying the gel network structure. In general, complexes of
proteins with natural or biodegradable synthetic polymers can result in micelles, vesicles or more complex
morphologies. These systems find application in nanomedicine for the targeted delivery and controlled
release of proteins thanks to the pH-responsiveness of the formed structures. Moreover, the presence of a
polymer/protein layer enables the encapsulation of ionic drugs within such particles. Furthermore, proteins
protect bio-active molecules such as vitamins through non-covalent interactions. Vitamins D2 and D3 (VD2
and VD3) play an important role in human and animal nutrition by regulating the circuit of calcium and
phosphorus cycling in the body and incorporation into the skeleton. Challenges of administrating vitamins
D include its poor water solubility, chemical degradation at elevated temperatures, and variable oral
bioavailability. Micro- and nanogels composed of polysaccharides and various proteins protect vitamins D
from degradation than the protein alone, which is susceptible to structural changes triggered by
modifications in its environment, such as pH and T.

Understanding the physicochemical properties of these polymer-protein complexes under different
conditions, with and without encapsulated components, is therefore crucial for their optimization and
utilization. Small-angle neutron scattering (SANS) provides comprehensive information about the meso-
and nanoscale structures of such materials. The particularly strong difference in the neutron scattering cross
section between the hydrogen isotopes protium ('H) and deuterium (*H or D) offers the unique advantage
of D-labeling (contrast variation) of hydrocarbon materials such as polymers and proteins. This work
demonstrates how contrast variation SANS can uniquely resolve the complex structure and morphology
under application-relevant pH and T conditions in polymer-protein complexes based on bio- and synthetic
polymers with encapsulated drugs or vitamins.

2. Experimental

This report covers experimental SANS studies on complexes of biodegradable polymers such as PEO-
PDMAEMA or PEO-QPDMAEMA and insulin [1], as well as on biopolymers such as different types of
carrageenan and BSA or HSA proteins. Complexes encapsulating drugs such as protoporphyrin-IX or VD3
vitamins have also been investigated. SANS experiments are presented that were performed under contrast
variation conditions over a wide Q range between 2x10* and 1.0 A" at small-angle diffractometers installed
either at stationary (reactor) or pulsed (spallation) neutron sources. This approach covered a broad length
scale in real space between a few A and mm. To apply the contrast variation method selected components
in the complex morphology in a partially or fully deuterated state were used. Neutron contrast conditions
were used with an appropriate mixing of deuterated and protonated components in aqueous solutions,
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allowing either full contrast, thus the full morphology “visible” in D>O when all components were used in
protonated state; the visibility of the PE block in 70% D,O - 30% H>O when deuterated QPDMAEMA
block was matched out; or protonated protein, which was matched out in 35-40% DO content, thus only
the polymer was visible. Samples were analyzed under different pH, temperature and concentration
conditions. Scattering patterns were interpreted using appropriate structural models to extract the shape,
size and density of the polymer-protein morphologies. Encapsulation and controlled drug release was
checked by fluorescence spectroscopy. To support the structural findings, cryo-TEM was also used for
some of the complexes in addition to neutrons.

3. Results and discussion

Figure 1a shows the scattering patterns of a sample containing the diblock copolymer with a weakly charged
block and insulin in D>O for two pH conditions. Scattering of polyelectrolyte-protein complexes is observed
at pH = 7.4, whereas at pH = 11, superposition of scattering of the two components individually is observed,
since no complex is formed at this pH.
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Figure 1. Scattering patterns from the combination of weakly charged diblock copolymer and protein in
full contrast (a) and selected contrast matching conditions (b). The cryo-TEM image is shown as an inset
in (a). The power law behavior of the scattering and the estimated thickness and length of the complex
morphology are indicated in (a). Arrows in (b) indicate the scattering features representing correlation
effects between the charged components of the complex.

Data collected with two different instruments at reactor (SANS-J) and spallation (TAIKAN) sources in
Japan sources are shown in parallel using different color scheme. Very good agreement is observed between
the scattering data at medium and low Q and the cryo-TEM images (inset in Figure 1a) regarding the
medium- and large-scale morphology of the polyelectrolyte-protein complexes: one-dimensional flexible
morphologies are formed (Q!' power law behavior of the scattered intensity), which, on a larger length
scale, behave like a branched morphology resembling that of a solvent-swollen self-avoiding polymer coil
(Q™” power law). The thickness and segment length can be estimated from the analysis of the cryo-TEM
image, while the power law behavior of the scattering patterns at medium Q and pH = 7.4 agrees well with
the morphology revealed by the micrograph. At low Q, an increase in the scattering pattern is observed
under both pH conditions, presumably due to the association of the one-dimensional flexible morphologies
into a larger network. The contrast matching results (Figure 1b) for the QPDMAEMA block (full symbols)
or insulin (open symbols) confirm the morphology formation scenario described above: over an extended
Q range, a Q" power law behavior is observed when alternately visualizing either the charged block or
the protein, i.e. both oppositely charged species jointly assemble the complex, while the PEO block forms
a kind of shell and network of the morphology. The broad peak-like scattering feature at high Q appears
under both contrast conditions, albeit with different intensities, indicating correlation effects between the

interacting charged components in the complex system, which are made visible or invisible in the scattering
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experiment depending on the contrast condition.
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Figure 2. SANS profiles from (a) BSA-k-carrageenan complexes and (b) BSA-A-carrageenan complexes
upon 20% VD3 encapsulation and pH adjustment from pH =4 to pH = 7.

Figure 2 shows the scattering patterns of two systems containing BSA protein and either the polysaccharide
k-carrageenan (a) or A-carrageenan (b) at two pH conditions, pH = 4 and pH = 7, and with 20% VD3
encapsulation. It shows that the addition of VD3 led to the stabilization of larger complex morphologies,
likely because VD3 acts as an additional cross-linking point for association of already formed complexes
or induces further structural rearrangements within the BSA component. Furthermore, SANS data showed
complex disruption at pH = 7, as indicated by the significant drop in scattering intensity (orange symbols).
However, when VD3 was encapsulated in the complexes, increasing the pH did not lead to complete
disruption, as scattering from large aggregates is still visible at low Q, suggesting that VD3 increases the
stability of the complexes. This stabilization effect was more pronounced in case of A-CAR complexes than
in case of k-CAR complexes, since even at pH = 7, larger stable morphologies could be identified based on
the strong scattering observed at low Q.

4. Conclusions

The application of contrast variation SANS to investigate the structure and morphology of polymer-protein
complexes and their drug encapsulation properties using biopolymers such as carrageenan polysaccharides
or synthetic PEO-based di-block copolymers is described in details.
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1. Introduction

Hydrogels are three-dimensional polymer networks that have attracted significant attention due to their
structural similarity to living tissues and their responsiveness to environmental stimuli [1]. These features
make them valuable for a wide range of biomedical, environmental, and technological applications [1].
However, conventional hydrogels are often limited by poor mechanical strength and slow responsiveness,
which restrict their broader use. To overcome these challenges, hybrid hydrogel architectures and
cryotropic gelation strategies have been developed to introduce multifunctionality, mechanical stability,
and tailored porosity [2,3]. Cryogenically structured hydrogels, in particular, exhibit unique features such
as high elasticity, toughness, rapid water sorption, and interconnected macroporosity that support efficient
mass transport without diffusion-related issues [2].

In this lecture will be discussed the development of multifunctional polysaccharide-based hybrid cryogels,
with focus on three main categories: (i) interpenetrating polymer networks (IPNs), in which polysaccharides
are integrated into synthetic networks to generate mechanically resilient and porous materials; [2,4,5]; (ii)
polysaccharide—inorganic filler hybrids, engineered for selective sorption, pollutant removal, and catalytic
properties [6-8], and (iii) polysaccharide—plant extract hybrids, where bioactive phytocompounds impart
antioxidant, and antimicrobial properties with applications ranging from healthcare to food packaging [9-
14].

By combining semi-IPN strategies, cryotropic gelation, and functional biopolymer—filler integration, we
demonstrate how porosity can be engineered to yield advanced hybrid hydrogels tailored for applications
in medicine, environment, and food systems.

2. Results and discussion

Interpenetrating polymer networks (IPNs)

Semi-IPN cryogels formed by embedding polysaccharides such as dextran, dextran sulfate, and chitosan
(CS) into cross-linked polyacrylamide matrices exhibit finely controlled porosity and ultra-fast swelling,
making them promising for drug delivery and environmental remediation [2]. More complex hybrid
architectures were obtained by introducing triple-cationic systems (CS, polyethyleneimine, and
PDMAEMA) reinforced with hydrated iron oxide nanoparticles, achieving remarkable phosphate sorption
capacity, and recyclability [4]. Similarly, tricomponent polyelectrolyte complex cryogels combining CS,
ionene polycations, and carboxymethylcellulose efficiently removed oxyanions and heavy metal ions while
exhibiting complete antibacterial activity against both Gram-positive and Gram-negative bacteria [5].

Polysaccharide—inorganic filler hybrids
Polysaccharide—inorganic filler hybrids, particularly CS-based cryogels, have been also developed as

multifunctional platforms for both controlled drug release and environmental remediation. Incorporation of
natural zeolite produced hybrid networks with adjustable morphology, swelling behavior, and drug release
kinetics, while ion-imprinted cryogels offered highly selective and reusable sorbents for removal of Cu?
ions [6]. Functionalization with aminopolycarboxylic acids further extended the removal spectrum to Pb*,
Cd?, Zn**, and Ni** ions, maintaining efficiency in both batch and continuous column operations, including
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real wastewater treatment (Figure 1A,B) [7,8].

Figure 1. (A) Aminopolycarboxylic acid—functionalized CS-based composite cryogels with
heterogeneous morphology, used as beads for selective sorption of Cu?" ions from aqueous solutions; (B)
CS—acid-activated zeolite hybrid cryogels with anisotropic pores, employed as monoliths for the
simultaneous removal of metal ions from industrial wastewater.

Maximizing resource efficiency and transforming waste into high-value products for new applications
represent central principles of circular economy. Thus, thiourea-functionalized CS cryogels, after Cu(Il) or
Ag(I) uptake were converted into Cu- and Ag-nanoparticle-loaded cryogels, yielding recyclable and highly
active catalysts for 4-nitrophenol hydrogenation.

Polysaccharide—plant extract hybrids

Hybrid hydrogels that integrate mechanical stability with antioxidant, antimicrobial, and sensor
functionality were also developed by the incorporation of bioactive plant extracts into polysaccharide
cryogels. CS/dextrin cryogels loaded with Thymus vulgaris essential oil showed a more than fortyfold
increase in elasticity compared to neat polysaccharide films, while providing significant antifungal and
antioxidant activity [9]. Xanthan/PVA cryogels containing red grape pomace extracts demonstrated
polyphenol-mediated pore stabilization, enhanced mechanical performance, and strong bioactivity,
supporting applications in food packaging [10]. For healthcare applications, thiourea—CS cryogels enriched
with Hypericum perforatum extracts exhibited outstanding liquid uptake, mechanical resilience, antioxidant
potential, and broad-spectrum antibacterial activity [13]. Most recently, anthocyanin-rich bilberry extracts
were incorporated into xanthan-based cryogels, producing ultra-light, highly porous constructs with
antimicrobial activity, antioxidant capacity, and pH-responsive color changes [14].

3. Conclusions

Our research demonstrates that the combination of polysaccharides with synthetic polymers, inorganic
fillers, or plant-derived bioactive compounds through cryotropic gelation enables the creation of
multifunctional hybrid hydrogels with precisely engineered porosity. IPN-based architectures provide
resilience and sorption of multiple contaminants; polysaccharide—inorganic hybrids enable both pollutant
remediation and catalytic valorization, while polysaccharide—plant extract hybrids bridge biomedical, food,
and environmental domains with bioactivity and visual monitoring functions.
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1. Introduction

In the recent years, significant progress has been achieved in the precise synthesis of star polymers with
tailored functional arms and the development of effective strategies for their covalent immobilization on
solid substrates enabling their successful application in biomedical field. Concurrently, the development of
efficient systems for protecting genetic material from degradation and for delivering nucleic acids to
specific targets still remains a major challenge in gene transfection research. While viral vectors have
demonstrated promising outcomes, their use is often limited by immunogenic side effects, highlighting the
need for safe and less pathogenic synthetic alternatives.

Polycationic polymers have emerged as a promising solution, as their amino groups enable the condensation
of DNA or RNA into compact biohybrid structures known as polyplexes. Recent advances in the synthesis
and detailed characterization of star-shaped polymers, along with their immobilization onto functional
polymer surfaces, have facilitated the creation of star polymer-based vectors for gene therapy. Among
these, polycationic star polymers constructed from poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) have been the most extensively investigated.

2. Results and discussion

Star-shaped amino-functionalized polymethacrylates were synthesized using modern controlled
polymerization techniques, and their solution behavior under varying pH and temperature conditions was
systematically investigated to assess their potential biomedical applications. A series of star
polymers with a hyperbranched poly(arylene oxindole) core and PDMAEMA arms differing in molar mass
and arm length was obtained using atom transfer radical polymerization (ATRP).

Dynamic light scattering measurements revealed that stars existed as single macromolecules in acetone,
while small aggregates were observed in aqueous or alcoholic media, with sizes remaining suitable for
biomedical use. PDMAEMA stars were found to be pH-sensitive, with higher pH reducing positive charge
and decreasing nanostructure size. At pH 13, uncharged stars exhibited thermosensitivity, and phase
transition temperatures decreased with increasing arm length.

Obtained polycationic star polymers electrostatically bound negatively charged nucleic acids to form
compact polyplexes, enabling safe and efficient genetic material delivery into cells. Polyplexes reached a
constant size of approximately 150 nm above N/P = 6. Cryo-TEM imaging showed that stars with shorter
arms formed elongated clusters, whereas longer-arm stars produced larger, regular spherical polyplexes.
Transfection efficiency, assessed via luciferase activity, correlated with polymer cytotoxicity, and longest-
arm stars provided maximal gene expression while maintaining full cell viability [1]. To reduce
cytotoxicity, non-ionic di(ethylene glycol) methacrylate (DEGMA) was incorporated into the arms,
yielding smaller and less compact polyplexes with significantly reduced cytotoxicity and high gene
expression at elevated N/P ratios [2].

Over the past decade, research on nano- and microstructured star polymer layers on solid surfaces has
advanced considerably. This progress includes the precise synthesis of star polymers with tailored
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functional arms, the development of effective immobilization strategies, comprehensive characterization of
the resulting layers, and their successful bioapplication [3].

Therefore, in our further research we obtained the layers composed of poly(oligo(ethylene glycol)
methacrylate) (POEGMA) stars which supported fibroblast and HT-1080 cell growth, with noninvasive
detachment controlled solely by temperature changes. Detachment from star POEGMA layers occurred
faster than from linear brushes [4]. These thermoresponsive layers were subsequently used for deposition
of DNA-polymer carriers, enabling polyplex formation and efficient nucleic acid delivery, with transfection
efficiency several times higher than controls. Detached transfected cells maintained viability and adherence
upon reseeding [4].

Finally, for further development of research on functional polymethacrylates, POEGMA-O star polymers
with functionalities of 4 and 12 were grafted onto modified silicon surfaces and silicon-based sensors used
for QCM studies. Nanolayers were characterized by ellipsometry, AFM, and contact angle measurements,
confirming high homogeneity and increased hydrophilicity with increasing arm number and polymer molar
mass. Protein adsorption tests using lysozyme and fibrinogen demonstrated significantly enhanced
resistance to nonspecific interactions, particularly for 12-arm polymers, which achieved up to 100% protein
removal. These findings highlight the potential of POEGMA-OH star polymers as effective antifouling
layers for biomedical and sensor applications.

3. Conclusions

Functional methacrylate-based star polymers provide versatile platforms for biomedical and sensor
applications. PDMAEMA stars enabled efficient, safe gene delivery, with DEGMA incorporation reducing
cytotoxicity and enhancing transfection. POEGMA star nanolayers exhibited homogeneity,
thermoresponsiveness, and strong antifouling properties, improved by higher arm number and molar mass.
These findings demonstrate that functional star polymethacrylates, with tunable architecture and chemistry,
offer multifunctional nanomaterials for gene therapy, tissue engineering, and antifouling surfaces.
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1. Introduction

The rapid growth of the bioelectronics sector has ushered in a new era of functional devices that seamlessly
interface with biological systems. From wearable sensors to implantable neural probes, the demand for
flexible, biocompatible, sustainable, and electrically conductive materials has never been greater [1].
Traditional electronic materials, which are often based on rigid synthetic polymers or scarce metals,
struggle to meet these requirements, especially with regard to long-term environmental and biomedical
compatibility. This has driven the exploration of bio-derived alternatives, with cellulose nanofibers (CNFs)
emerging as a promising option [2].

Cellulose is the most abundant biopolymer on Earth [3]. It is a structural component of plant cell walls, and
it is naturally renewable, biodegradable, and non-toxic. Through controlled mechanical, enzymatic, or
chemical processing, cellulose can be deconstructed into nanoscale fibers with diameters typically below
100 nanometers (nm). These cellulose nanofibers (CNFs) exhibit a unique combination of high mechanical
strength, a large surface area, tunable surface chemistry, and optical transparency. These properties position
CNFs as versatile building blocks for next-generation bioelectronic devices. CNFs can be processed into
flexible films, aerogels, hydrogels, and composite structures, enabling integration into diverse device
architectures [4]. In addition to their attractive mechanical and environmental attributes, CNFs offer
functionalities that are highly relevant to bioelectronics. Their hydrophilic and porous nature allows them
to interact closely with cells, tissues, and ionic environments - a prerequisite for stable bioelectronic
interfaces. Moreover, CNFs can be chemically modified. They can also be combined with conductive
polymers, nanoparticles, or carbon-based nanomaterials. This combination can impart electronic
conductivity. They can do so without compromising their intrinsic sustainability and biocompatibility.
Recent advances for wearable sensors, biodegradable electrodes, ion-conducting membranes, and
implantable devices have underscored the broad technological potential of CNF-based substrates. The silent
revolution of cellulose nanofibers (CNFs) lies in their ability to transform an age-old natural resource into
cutting-edge technological solutions. By bridging the gap between biological systems and electronics,
CNFs represent a paradigm shift in material design, merging sustainability with performance.

This paper explores the progress, challenges, and future opportunities of CNFs in bioelectronics,
emphasizing how this tree-derived material is poised to transform the landscape of sustainable electronic
technologies.

2. Experimental

The cellulose sources employed for the preparation of cellulose nanofibers (CNFs) included
microcrystalline cellulose (MCC; Avicel PH-101, Sigma-Aldrich, 99% hydrolyzed, crystallinity index
(Cr.L) = 78, degree of polymerization (DP) = 140), cotton linter (CL; microcrystalline cellulose powder,
20 pm, Sigma-Aldrich, Cr.l. = 86, DP = 465, viscosity = 8.4 cPs), eucalyptus pulp (EYPT; commercial
bleached eucalyptus cellulose, Sodra Company, Sweden, Cr.I. = 52, DP = 2742, viscosity = 865 dm®/kg),
and a-cellulose (a-CEL; powder, Sigma-Aldrich, purity 95%, Cr.1. = 68, DP = 950). The reagents used for
TEMPO-mediated oxidation included 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO; Sigma-Aldrich),
sodium bromide (NaBr; Sigma-Aldrich), and an 8% sodium hypochlorite solution (NaClO; Chemical
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Company). All chemicals and solvents were utilized as received, without further purification. To fabricate
the highly stretchable, self-healing, and conductive hydrogel, 4-(bromomethyl)phenylboronic acid (PBA)
and 1-vinylimidazole were sourced from Sigma-Aldrich and applied directly without additional
purification. Ethyl acetate, acrylamide (AM), N,N'-methylene bisacrylamide (MBA, 97%), ammonium
persulfate (APS, 99.5%), and N,N,N’,N'-tetramethylethylenediamine (TEMED, >99.5%) were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.

3. Results and discussion

The scientific literature contains a wide variety of experimental approaches that report the production of
nanoscale cellulose derivatives, including nanocrystalline and nanofibrillated cellulose, using sources that
are exotic in some areas of the world but common in others. Among these categories of natural materials,
non-agricultural sources play a special role (Figure 1). These sources include tunicates and red algae, as
well as agricultural sources such as spinifex grass, miscanthus, coconut coir, and pineapple leaves. To
eliminate problems related to immense source variability and ensure better data reproducibility, we opted
to use commercial cellulose sources available to anyone, which provide predictable results.

Non-agricultural sources Agricultural sources

Tunicates Red algae Spinifex grass Miscanthus Coconut coir Pineapple leafs

Commercially available sources

T ¥ [ Ao % S0 o s v, ‘ —
microcrystalline cellulose cucalyptus cellulose (EYPT) alpha-cellulose (a-CEL) cotton linters (CL)
(MCO)

Figure 1. The different cellulose sources used in the preparation of
fibrillated nanocellulose, including non-agricultural sources, agriculturally derived sources,
versus commercially available sources.

Through the use of pretreatment processes followed by chemical oxidation using the TEMPO-NaBr-
NaClOs system, the nanofibrillated cellulose fractions could be isolated from each of the starting materials,
each with their own particular morphological and structural characteristics. By incorporating cellulose
nanofibers (CNFs) into a system containing acrylic monomers and tailor-made ionic liquids, a robust cross-
linked hydrogel network can be constructed. The structural integrity and multifunctionality of the hydrogel
arise from the integration of multiple crosslinking mechanisms, including dynamic covalent boronic ester
bonds, noncovalent interactions (hydrogen bonding and electrostatic forces), and chain entanglements
within the interpenetrating CNF-based polymer networks. This synergistic combination provides an
optimal balance between mechanical performance and multifunctional properties.

Furthermore, the coexistence of conductive ionic liquids and negatively charged surface carboxylate groups
on CNFs facilitates ion transport by establishing efficient conductive pathways. Owing to its homogeneous
microstructure, the hydrogel exhibits high optical transmittance (>95%), which is critical for optical signal

accessibility. Leveraging these features, the tailor-made ionic liquid serves not only as a structural
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component but also as a functional element for constructing high-performance ionic conductive hydrogels
(ICHs). The resulting ICH-based sensors demonstrate reliable, sensitive, and stable monitoring of human
motion. Overall, this study highlights a versatile design strategy for developing next-generation intelligent
sensors and electronic skins.

4. Conclusions

One objective of this study was to optimize the isolation of carbon nanofibers (CNFs) from four
commercially available cellulose sources by integrating TEMPO-mediated selective oxidation with
alkaline—acid and ultrasonic pretreatments, and to elucidate how the structural characteristics of the
resulting CNFs influence their self-assembly behavior. Our results demonstrate that the dimensions,
morphologies, and surface carboxyl group densities of the CNFs are strongly dependent on the cellulose
precursor.

A second objective was to incorporate CNFs into hydrogel-like architectures using ionic liquids
functionalized with boron-containing moieties, thereby imparting enhanced functionality and structural
versatility. The resulting hydrogels exhibited outstanding electrical and mechanical performance, including
ultra-high extensibility, elevated tensile strength, pronounced viscoelasticity, intrinsic self-healing
capability, and reversible adhesion. Furthermore, experimental investigations revealed that the synergistic
combination of these features enables the fabrication of ionically conductive hydrogels that function as
highly sensitive, stable, and reproducible wearable sensors capable of detecting and discriminating diverse
human motions in real time.
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1. Introduction

The aim of the paper is to investigate the retraction of viscoelastic surface which remains attached to the
plates of a rheometer after the rupture of the filament. The breakup of fluids filament was intensively treated
in literature in the past decades, mainly in relation to measurements of extensional viscosity and elasto-
capillarity [1,2], slender filament retraction, breakup of fluid jets and droplets formation [2-4]. The present
experimental study is focused to the analysis of free surface topology of a viscoelastic fluid during the post
pinch-off dynamic in a CaBER like configuration [2].

2. Experimental

The liquid sample used in experiments is a viscoelastic oil based on a petroleum compound (density p =
950 kg/m3, surface tension y = 0.034 N/m) (Figure 1).
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Figure 1. Rheological characterization of the viscoelastic sample in strain/w-frequency sweeps and shear
rate ramp (G'elastic modulus, G’ viscous modulus, n* complex viscosity, * complex shear stress, 1
shear viscosity, 1, first normal stress coefficient). The fluid sample discloses shear thinning and well

defined zero viscosity and zero first normal stress difference.

The sample fills the gap of 1 mm between the plates of MCR 301 Anton Paar rheometer before the mobile
plate (40 mm diameter) is lifted at hight 100 mm from the fix plate. The fluid attached at the upper plate
starts to retract after the rupture of the filament due to the action of adhesion, capillary and elastic forces
against gravity, Figure 2. The high-speed cameras used for image acquisition of the interface dynamics are
Phantom VEO-E 340L (1024x1024 pixels at 2800 fps) and FASTCAM mini-UX100 (1280x1024 pixels at
4000 fps), equipped with different optic devices and lighting setups. Series of images are extracted from

the movies and the interface profiles liquid-air are obtained using a special code implemented in the
commercial ImageJ and MATLAB software (Figure 2.b and Figure 3).
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Figure 2. (a) CaBER like configuration (plate-plate rheometer), evolution of the filament between the

two plates at rest; (b) details in vicinity of the upper plate at rest; interface profiles attached on the upper
plate (configurations 1 = 6) during the thinning of the filament until its rupture (6).

3. Results and discussion

An axial-symmetric surface in space is characterized by two radii of curvature, their change in time being
the only geometrical quantities which define the surface/interface kinematics, [5]. The first radius R,
defines the lateral surface of the interface and the second radius R; is almost identical (for slow motions)
with half diameter of the liquid body, (Figure 2.b, Figure 3).

Following the idea that pinch-off and rupture of liquid filaments disclose some universal characteristics,
independently of the liquid properties [4], we observe that at the moment of filament rupture the fluid
domain which remains attached at the upper plate is described by a conical surface, i.e. R; = oo and R; has
a smooth increasing from R, = 0 at the cone tip (where the rupture takes place) to maximum value at the
plate. Before rupture the liquid surface is concave and during the first part of retraction (after rupture)
discloses an inflexion point, at the end the surface being convex (Figure 3). We remarked that change of
interface curvature for all tested liquid samples (not shown in this paper), so R; = co might be a general
characteristic for this type of configuration which indicates the onset of retraction after rupture time of the
filament (the liquid bridge between the two plates). We also observed that liquid retraction follows in time
an exponential decay of the tip distance from the plate, h(t)~e~t/* 1 = 0.92 s, Figure 3.b. This means
that retraction velocity of the surface after pinch-off is proportional to the film height attached at the solid
surface, i.e. h(t)~h(t), the dynamics being defined by the relaxation time 7. The phenomenon is different
on the lower plate, since gravity and adhesion fluid-solid force have the same direction. One remarks that
retraction is dominated by interfacial forces (capillarity and elasticity), on both plates the friction force due
viscosity is acting against inertia.
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Figure 3. (a) Variation of the interface profile in vicinity of the filament rupture;

(b) retraction of viscoelastic samples after the rupture of the filament.
4. Conclusions

The evolution of viscoelastic interface in an extensional dynamic process can be dived in two stages: (i)
formation of the filament, (ii) rupture of the filament followed by fluid retraction and generation of droplets.
This work investigates the second stage of dynamics, i.e. the retraction of the viscoelastic fluid in the
vicinity of the rheometer plate after its lifting. The profile of the interface is analyzed using an adapted
image processing method and the variation of the maximum fluid thickness is recorded, which discloses an
exponential decay curve characterized by a particular relaxation time. The study will be future applied to
characterize and test the gel samples used in the 3D printing, where retraction of the fluid interface plays a
major role the quality control of the printed object.
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1. Introduction

The great interest in organic semiconducting materials (OSMs), which is mostly based on n-conjugated
small molecules or polymers, is motivated by reason of their tunable physicochemical and semiconducting
properties [1]. Despite the enormous interest in OSMs materials, many aspects remain poorly understood,
especially their strong tendency to aggregate, which affect the photoluminescence efficiency, electrical
transport, and their environmental stability, which considerably limit their applications [2]. In this regard,
control of intermolecular interactions increased attention as an important factor for the exploitation of
OSMs. In the past decade, the field of polymer science has witnessed remarkable innovations and progress,
alongside major advances in the complementary field of supramolecular science, which offer great
opportunity for new concepts, new materials with unique properties and novel practical applications.
Among the wide range of possibilities, the construction of mechanically interlocked assemblies such as
conjugated polypseudorotaxane (PPs) or polyrotaxane (PRs) architectures provides an alternative to the
modification of the polymer backbone with substituents. PPs and PRs are a class of supramolecular
compounds consisting of macrocycles (hosts) threaded over conjugated monomers/oligomers or polymers
cores (guests) through non-covalent interactions. A wide variety of host molecules have the ability to
encapsulate the conjugated backbones into their cavities based on intermolecular interactions, thus leading
to thermodynamically unstable inclusion complexes (ICs). Native cyclodextrins (CDs) are by far the most
intensively investigated host molecules in the synthesis of such supramolecular architectures. The second
investigated groups of host molecules are composed of chemically modified CDs, such as partially
randomly methylated 3-CD (RM-B-CD) or fully modified derivatives 2,3,6-tri-O-methyl CD (TM-CD) and
2,3,6-tri-O-trimethylsilyl CD (TMS-CD) [3-7]. Through chemical modification, the hydrophilic character
of native CDs decreases, while the binding ability for hydrophobic guest molecules increases. Despite the
great effort devoted to CDs-based PPs or PR architectures, less attention has been paid to cucurbiturils
(CBs) as host molecules. Due to their hydrophobic cavities and two hydrophilic carbonylated rims, CBs are
a new family of host molecules, able to complex neutral insulated/conjugated guests by hydrophobic
interactions similar to those of CDs. According to their characteristic molecular structure (electron-deficient
cavity, no bonds, or lone pairs inside), CBs have a good capability to bind various n-conjugated monomers,
oligomers, or polymers to form longer supramolecular assemblies even individual molecular wires [8-11].
The incorporation of non-covalent interactions in the construction of supramolecular architectures has an
impact on the behavior of OSMs backbones and subsequently generates smart polymeric functional
materials.

Herein, we continue to provide extensive insights into the effect of macrocyclic encapsulations using
different host molecules on the photophysical, surface morphology, wetting properties, as well as film
forming ability of conjugated polyazomethines (PAMs), polythiophenes (PTs), polyfluorenes (PFs) homo-
or copolymers and poly(3,4-ethylenedioxythiophene) (PEDOT). For the sake of comparison, the
photophysical properties of these supramolecular OSMs will be compared with those of their non-threaded
homologs. The unique photophysical characteristics of these newly developed supramolecular
architectures, together with ready synthetic routes, are contributing forces to their applications in
bioelectronics.
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2. Experimental

The synthesis of PPs and PRs architectures were performed according to previously reported procedures
[3-11].

3. Results and discussion

The synthesis of such supramolecular structures is based on the molecular recognition principle and is the
result of the cooperation of various non-covalent interactions. The first step in the preparation of PRs
structures is the threading of macrocyclic compounds (hosts) onto linear chains (guests) when
thermodynamically unstable ICs or pseudorotaxanes are obtained. To avoid dethreading in the second step,
a blocking reaction of both ends of the guest molecule with bulky groups (also known as stoppers) is
required. The presence of macrocycles suppresses intermolecular interactions and effectively inhibits
interstrand interactions by increasing separation distances between the conjugated backbones. The
electronic properties of such supramolecular materials are strongly affected by the chemical nature of the
surrounding encapsulated segments.

This presentation summarizes our recent endeavors, related on the design, synthesis, properties, and the
Langmuir monolayer formations at the air-water interface of PAMs, PTs, PFs homo- or copolymers, and
PEDOT (Figure 1).
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Figure 1. Chemical structures of OSMs used for the synthesis of PRs.

In addition, an overview of the ICs synthesis using CDs and their lipophilic derivatives as well CB7 will
be considered. For the sake of comparison, the photophysical properties of these supramolecular
compounds will be compared to those of their non-threaded homologs. The supramolecular OSMs materials
were under widespread investigation as active components in photovoltaic and as hole-transporting layers
in p-n hybrid diode. In addition, Nanopore resistive pulse-sensing technique and computational modeling
demonstrate the strong interactions of the PEDOT PPs with a biological aerolysin nanopore. This approach
could provide an unexpected opportunity to develop new classes of biomimetic ionic channels useful for
broad applications in the field of nanobiotechnology

4. Conclusions

The study demonstrated that the supramolecular encapsulation of OSMs backbones is effective in
preventing aggregation and hindering fluorescence quenching, even when only a small fraction of the
conjugated backbone is encapsulated. These findings offer tremendous opportunities for extending the
understanding of the factors, which control the charge transport within and between encapsulated
conjugated SMPs chains that is relevant for the application in organic electronics. In addition, these
supramolecular compounds exhibit a crucial importance for further development of OSMs and represent a
key bottom-up strategy to build and process relatively soft functional materials providing clear information

about improvements of photophysical and transport properties relevant to applications in bioelectronics.
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1. Introduction

Global petroleum-based plastic production exceeds 400 million metric tons per year, with less than 10%
recycled. The rest of it piles up on land and floats in the oceans. Gradually it becomes fragmented by
radiation from Sun to tiny particles, microplastics, now also found in the human food chain, ultimately
entering living cells. It is estimated that ~200,000 particles per person are ingested per year, with still not
known effects to our health [1,2]. All of this is result from our linear short-sighted “take—make—waste” way
of using the resources. A credible alternative can be developed via circular bioeconomy, where materials
remain in biological or technical cycles, starting with renewable biomass and lignocellulose and ending
with a model, based on either safe biodegradation or high-quality recycling. In this talk we suggest
pathways along circular lines for turning forest and agricultural residues into bioplastics, bio-hydrogen, and
high-value aromatic chemicals.

Lignocellulosic biomass is our most abundant renewable carbon source. It does not compete with food
when residues such as straw, stover, sawdust and bark are used as raw material. However, there is a catch
to use it. It is a material Nature made very robust for reasons. At the molecular level, the linear glucose
chains of cellulose provide fibrous strength while hemicellulose fills the voids and links the chains to make
it even stronger. Lignin, a cross-linked aromatic network, acts as a hydrophobic rigid matrix [3]. Making
use this tough composite material requires a separation of these tightly bound components, followed by
upgrading each fraction into products.

In this Lecture we will use ionic liquids (IL) and deep eutectic solvents (DES) in valorizing cellulose into
plastics and lignin into aromatic chemicals and energy carriers [4-6]. They are selective, low-volatile,
recyclable media, that can loosen crystalline cellulose structure and disrupt the hydrogen-bond networks in
it. ILs/DESs can also dissolve hemicellulose and dissolve and solvate lignin’s aromatics. They allow iono-
thermal routes to form/reform materials (e.g., casting or spinning regenerated cellulose films and fibers)
under much milder conditions than used in common pulping or petrochemical pathways. Natural DES
(NADES), mixtures such as choline chloride + lactic/ levulinic acid are especially promising, offering
tunable viscosity and conductivity (important to electrochemistry).

2. Workflow

ISs and DESs are molecularly the most complicated systems, with all types of inter/intramolecular
interactions in concert. In comparison to normal liquids their structure and dynamics are highly
heterogeneous giving rise to long-range correlations. [3]. They have a key role in this project, as the
interactions can be tuned for our purposes. For this we use molecular modelling [3]. For example, we can

see that in modelling how imidazolium cations of ILs hydrogen-bond to lignin oxygens while acetate-type
anions coordinate to phenolic hydrogens. This explains why the chemistry behind IL/NADES is effective
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for lignin dissolution and B-O-4 bond activation. Calculations enable in-silico screening and optimization
of solvent candidates, prior to laboratory work. The very same IL solvent families can be used first to
fractionate biomass and later they can serve as electrolytes and as reaction media for selective lignin
depolymerization. This will greatly simplify the process operations and solvent cycles, as exemplified by
sub-projects (A), (B) ans (C) below:

(A)romatics from lignin. Lignin can be used as a source of valuable aromatics, rather than waste it as a
boiler fuel (as is done regularly in pulp/paper mills). By dissolving/activating lignin in ionic liquids (ILs)
or natural deep eutectic solvents (NADES), the dominant 3-O-4 linkages can be selectively cleaved to yield
monomeric aromatics (e.g., guaiacol, vanillin, syringol) under mild, recyclable conditions. Molecular
modelling guides which ion pairs maximize H-bonding to phenolic sites and thus promote dissolution and
depolymerization, NADES (e.g., choline chloride + lactic/levulinic acid) offer a complementary,
low-volatility platform for delignification and lignin valorization [7].

(B)io-hydrogen co-production. By replacing the energy-intensive oxygen evolution step in water
electrolysis by oxidizing lignin at the anode in IL/NADES electrolytes lowers the energy barrier for H»
generation and yields valuable co-products. The anode generates H/e™ from lignin oxidation and produces
value-added chemicals, while the cathode combines them to form H-, thus co-producing hydrogen and
aromatics at lower electrical cost per kg H.. The electrolytes are designed with high lignin solubility, low
viscosity, wide potential window and good conductivity. A membrane-separated H-cell is used, letting ions
go through while keeping products apart, and the electrodes are graphite felt (or Ni plates). The catalysts
are earth-abundant metals (Fe, Co or Ni) [7].

(C)ellulose-based bioplastics. Ionothermal processing and/or minor chemical modification enable
regenerated cellulose films and fibers that preserve biodegradability while achieving plastic-like
formability. It is possible to create thermoplastic and biodegradable plastics from cellulose by combining
(1) chemical modification (e.g., ring-opening to dialcohol cellulose) to lower the glass transition temperature
Tg and increase chain mobility, (ii) bio-compatible plasticizers (e.g., glycerol, sorbitol) to weaken
inter-chain H-bonding, (iii) use lignin as a natural binder in biocomposites [8], and (iv) ionothermal
processing in IL/DES that dissolve/disperse cellulose and enable regeneration of films/fibres under mild,
recyclable conditions. ILs can dissolve cellulose by breaking inter/intra-chain H-bond networks (basic
anions; aromatic cations) and that IL-water mixtures reduce viscosity while retaining solvency. MD
simulations can be used to predict glass transition temperature Tg from variation of density, expansion
coefficient, heat capacity and diffusion and reveal H-bond disruption, free-volume gains after ring-opening,
and plasticizer migration.

3. Conclusions

In this project we start with forest/agricultural residues to produce aromatics, bio-hydrogen, and bioplastics,
by using ionic liquids (ILs) and natural deep eutectic solvents (NADES) as the common, recyclable
processing medium. With ILs/NADES we can fractionate lignocellulose, dissolving/activating lignin for
selective depolymerization into valuable aromatic molecules, while leaving cellulose accessible. The same
solvent family can further serve as an electrolyte/solvent for anodic oxidation of lignin-derived phenolics,
which upgrades them to precious chemicals while the cathode co-produces H.. Further, cellulose can be
regenerated or modified to yield biodegradable thermoplastic materials. Molecular modelling is used for
screening ions and mixtures for dissolution power and viscosity, mapping H-bond networks and p-O-4
reactivity to maximize aromatic yields, optimizing electrolyte windows for H: co-production, and
predicting Tg/chain mobility for cellulose formulations. We present an integrated, closed-loop biorefinery
concept where one feedstock and one solvent toolbox deliver high-value aromatics, clean hydrogen, and
compostable plastics, with a solvent recovery at every step. Molecular modelling is of utmost importance
in the project!
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1. Introduction

One of the key challenges in modern medicine and biotechnology is the design of “tailor-made” polymers
with precisely defined molar masses and functional groups or bioactive compounds into their structure. One
class of such polymers are poly(2-oxazoline)s ((POx)s), analogues of pseudopeptides, which are known for
their excellent biocompatibility and wide modification versatility.

Poly(2-oxazoline)s have been known for over 50 years, first reported in the late 1960s by four independent
research groups [1-4]. They are synthesized via cationic ring opening polymerization (CROP) of five
membered cyclic imino ethers containing a double bond at second position (Figure 1) [5]. The living
character of this polymerization allows for precise control over poly(2-oxazoline)s molar mass and
dispersity what is extremely important in the engineering of polymers with well-defined structures,
especially for biomedical applications.

N R2 R2
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Figure 1. Scheme of cationic ring opening polymerization of 2-oxazoline.

The chemical structure of (POx)s and thus their properties can be tailored in a controlled way. The
appropriate selection of an initiator and/or terminating agent enables the synthesis of (co)polymers with
functional a- and - groups [6,7]. There is an enormous variety of 2-oxazoline monomers with different
R1 substituents, ranging from alkyl (linear, branched, or cyclic) or aryl (phenyl or benzyl groups), to those
with heteroatoms (oxygen, sulfur, nitrogen, or phosphorus) in the substituent. The nature of R1 substituents
in the (co)polymer determines the properties of (POx)s including solubility, thermoresponsiveness, glass
transition, melting temperature, and ability to crystallize [7]. Additionally, various methods of
modifications of poly(2-oxazoline) side chains have been widely reported, among others so-called “click
chemistry” and “thio-click” [8] techniques. These modifications made it possible to introduce appropriate
functional groups or compounds to the poly(2-oxazoline) chains.

An important feature of (POx)s are nontoxicity towards many cell lines in a wide range of concentrations.
Moreover, rapid blood clearance and remarkably low uptake by the organs have been demonstrated for
these polymers. They are considered to be alternatives to polyethylene glycol (PEG), the gold standard
among polymers for biomedical applications [9,10].

These properties combined with their relatively straightforward synthesis and the potential for
functionalization have led to growing interest in poly(2-oxazoline)s within the fields of medicine and
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biotechnology. Their tunable physicochemical characteristics, biocompatibility, and versatility make them
promising candidates for various biomedical applications, such as drug delivery systems, tissue
engineering, and bioactive coatings. As a result, (POx)s are increasingly being explored as alternatives to
traditional polymers, offering both enhanced functionality and structural versatility in advanced therapeutic
and diagnostic technologies.

2. Results and discussion

This presentation highlights various examples of (co)polymers of 2-oxazoline featuring diverse chain
topologies and microstructures, investigated both in solution and immobilized on surfaces, with a focus on
their role as nanomaterials for biomedical applications.

The study investigates amine-functionalized poly(2-oxazoline)s, which possess the ability to form stable
polyplexes - complexes of polymers with nucleic acids, making them highly promising candidates for gene
therapy applications. These functionalized (POx)s effectively bind to nucleic acids through electrostatic
interactions, protecting the genetic material from degradation and facilitating its delivery into target cells.
Importantly, obtained polyplexes have demonstrated efficient transfection capabilities, ensuring that the
genetic material reaches the cell interior and achieves the desired therapeutic effect. Moreover, amine-
functionalized (POx)s and their polyplexes exhibited low cytotoxicity towards the studied cell line, which
is the key factor for safe and effective gene delivery. As a result, these materials represent a significant
advancement in the development of non-viral gene delivery systems, offering a safer alternative to
traditional viral vectors in genetic medicine and therapy [11].

Additionally, conjugates of poly(2-oxazoline)s with chelating agents have been extensively explored as
multifunctional nanomaterials due to their unique ability to coordinate metal ions. These POx-based
conjugates not only exhibit significant antibacterial activity but also offer high stability and
biocompatibility. Developing new 2-substituted-2-oxazoline based polymers functionalized with chelating
compounds may offer a novel approach to creating effective antibacterial materials. These polymers are
capable of interacting with and disrupting bacterial cell membranes, thereby enhancing their antimicrobial
activity. As a result, they have emerged as promising candidates for the development of infection-resistant
surface coatings for medical devices, as well as for use as therapeutic agents in the treatment of bacterial
infections [12].

Furthermore, the research explores thermoresponsive (co)polymers based on 2-oxazolines, which are
covalently grafted onto substrates to create thin nanolayers specifically tailored for cell culture applications.
The "smart" polymer-coated surfaces exhibit the unique ability to modulate their properties in response to
temperature changes. At physiological temperatures, they promote cell adhesion and growth, being suitable
for culturing various cell types. However, when the temperature is lowered, these surfaces undergo a
physical transformation that results in the gentle detachment of the cultured cells without the need for
enzymatic treatments. The temperature-controlled adhesion and detachment mechanism provides a
powerful and non-invasive tool for applications in tissue engineering, regenerative medicine, and advanced
cell therapy, enabling the harvesting of intact cell sheets and minimizing damage to cell membranes and
extracellular matrices [13].

3. Conclusions

The presented research highlights the versatility and potential of poly(2-oxazoline) based materials in

various biomedical applications. Amine-functionalized (POx)s has shown great promise in gene therapy as
non-viral vectors, offering efficient nucleic acid delivery. Additionally, POx conjugates with chelating
agents exhibit notable antibacterial properties and stability. Moreover, thermoresponsive POx (co)polymers
covalently grafted onto surfaces allow for controlled cell adhesion and temperature detachment, providing
non-invasive methods for harvesting intact cell sheets. Overall, the multifunctional nature of poly(2-
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oxazoline)s, combined with their non-toxicity and tunable chemical properties, makes them a highly
attractive platform for the development of advanced materials in modern biomedical science.
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1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy represents a sensitive tool that can provide
meaningful structural and dynamic insight in various molecular systems with applications in various fields
of chemistry, materials science, and the biomedical sciences. In order to use this method, it is necessary for
the analyzed systems to contain a paramagnetic species. Since most molecular systems do not have
paramagnetic groups, in order to use this method, it is necessary to introduce them either by covalent
attachment or as spin probes. In this work, we will present several examples to highlight the usefulness of
this method in the study of systems with applications in the biomedical field.

2. Results and discussion

In a series of studies in which EPR spectroscopy was the main tools, we investigated albumin solutions,
focusing on various aspects i) the interaction of albumins with ionic surfactants and B-cyclodextrin, as a
function of different factors including the surfactant/CD concentrations and temperature, i7) the ability of a
polymeric gel containing CD to remove the surfactant from its complex with the protein (Figure 1a) [1,2]
and 7i7) formation and stabilization of nanoparticles in protein solutions [3]. The results support potential
applications in optimizing drug formulation processes involving biocompatible compounds. The affinity of
certain spin probes for proteins has been exploited to evaluate the correlation between protein profile
changes in tears collected from patients with dry eye syndrome with or without associated keratoconus
disease by using the spectral changes of spin probes in tear samples before and after treatment (Figure 1b)
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WP i 4,
' BSA” "SDS

BSA
GEL
a b
oy
% L N ' e
o . i B
X ¢o |
{‘ 8 o1 £
3 4 i" !
v Ah,
& A A"
-] - s
Ovamient gut
c d e i

73




Progress in Organic and Macromolecular Compounds 3
30“?6 pris < . (MACRO lasi) 2025

The EPR studies revealing interesting structural and dynamic properties of various gel networks outline

another research area. These include: covalent gels resulted by crosslinking of CDs with end-capped
derivatives of polyethylene glycol, gels resulted by self-assembly of Pluronic F127, supramolecular gels
resulted by assembly of low molecular weight gelators, and interpenetrating polymer network (IPN) gels
based on polysaccharides (Figure 1, c-f) [5-8]. Host—guest interactions have been exploited to modulate the
visco-elastic properties of alginate gels formed in the presence of Ca’*" by appending spin labels,
adamantane (as guest units) and CD units to alginate chains [9]. Our recent studies are focused on finding
supramolecular systems that can be used as contrast agents in OMRI applications. Persistent protease
activity is observed in some tumor processes, which has led to the idea of using it to detect tumor formations
using the OMRI technique. In some tumors or metastases, human neutrophil elastase (HNE) activity has
also been observed, among other things. The activity of this enzyme is being studied because its presence
is also associated with the spread and establishment of metastases. Taking these aspects into account, three
radical molecules containing a peptide group that can be hydrolyzed by HNE were synthesized (Figure 2).
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Figure 2. The structures of radicals attached to a peptide chain.

The EPR measurements were performed to highlight changes in spectral parameters as a result of the
hydrolysis process in the presence of elastase. In general, nitroxides have some limitations in their use as
contrast agents in imaging techniques due to their short relaxation time, possible cytotoxicity, limited tissue
penetration, and sensitivity to endogenous reducing agents. To limit these disadvantages, cyclodextrins
were introduced into the analyzed systems to generate pseudorotaxane complexes. In the case of radical a
(Figure 2), no changes in spectral parameters were observed, which proves that this type of radical is not a
solution as contrast agents. Furthermore, complexation stabilizes the radical, as hydrolysis is a slow process.
The two diastereoisomers b and ¢ (Figure 2) have different properties in terms of complexation with
cyclodextrins. While isomer b does not change its parameters through complexation, isomer c is sensitive
to the presence of cyclodextrin. Figure 3 shows the EPR spectra of compound ¢ and the reaction product
obtained after enzymatic hydrolysis, illustrating the different EPR parameters in the absence and presence
of y-cyclodextrin. EPR spectrum analysis showed that enzymatic hydrolysis leads to a variation in the
hyperfine splitting constant of 1.22 G in the system without cyclodextrin, while in its presence the variation
in the splitting constant is 1.9 G. The spectra obtained for the system containing cyclodextrin show two
components which illustrate the simultaneous presence of the uncomplexed and complexed species. This
concludes that the presence of cyclodextrin further highlights the enzymatic hydrolysis process.
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1. Introduction

Cancer and microbial (such as malaria, tuberculosis, etc.) illnesses are multifactorial diseases with various
etiopathologies, which make them very difficult to treat with drugs that act on a single target [1-3]. One of
the modern strategies adopted to fight against multifactorial diseases is Multiple Targeting Drugs (MTD)
therapy, where a single chemical entity interacts with two or more distinct biological targets related to a
disease. The MTD drugs are usually classified in Hybrid Drugs (HD) and Chimeric Drugs (CD) [1-7].
According to the literature data, azaheterocycles (especially five and six member ring) represent one of the
most promising and reliable classes of drug candidates suitable for the MTD approach in our continuous
efforts to fight against multifactorial diseases such as cancer, malaria, tuberculosis, etc.

In continuation of our continuous efforts in the field of azaheterocycles of potential interest in the treatment
of cancer and microbial diseases, we present herein some selective core results obtained by our group in
the last 3 years in the field of hybrid and chimeric MTD molecules with azaheterocycle skeleton of potential
interest as anticancer and antimicrobial drugs [8-12].

2. Experimental

Mel-Temp apparatus was used to measure the melting points of compounds and are uncorrected. Elemental
analyses were done using a FlashSmart CHNS/O Elemental Analyzer with MVC. The microanalyses were
in satisfactory agreement with the calculated values: C, £0.15; H, £0.10; N, £0.30. Infrared (IR) data were
recorded with an FTIR Cary 630 spectrophotometer coupled to a ZnSe ATR module for measuring solid
samples. The 1H and 13C NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer
operating at 500 MHz for 1H and 125 MHz for 13C. HR-MS experiments were recorded on a HESI-
Orbitrap Exploris 120 Mass Spectrometer in positive mode. Full details about the synthesis and spectral
characterization of our hybrid and chimeric compounds could be founded in our previously published
papers [8-12].

3. Results and discussion

In order to obtain hybrid and chimeric azaheterocycles compounds, initially, we designed them by using
the MTD approach [1]. The CD were obtained by merging two different chemical entities in a single
molecule (using an appropriate core and preserving the pharmacophores of the two initial drugs), while the
HD were obtained by connecting two or more drug pharmacophores (with different biological activities)
via a flexible linker. As starting materials, we used the following azaheterocycles: azine (pyridine,
quinoline, isoquinoline, phthenatroline, bypiridine), diazine (pyridazine, phthalazine, pyrimidine), (di)azol
(imidazole, benzimidazole, pyrrole), triazole and tetrazole. Both hybrid and chimeric compounds usually
were synthesized using straightforward and efficient pathways, in two to four steps. A typical procedure to
obtain hybrid azaheterocycles derivatives involves reactions of N-alkylation, N-acylation and click
reactions. Thus, we obtained a large variety of hybrid compounds such us: pyrido- imidazole/benzimidazole
salts 1, azaheterocycles — acetophenone salts 2, pyridazino — triazole 3, quinoline — sulfonamide 4 and 5,




5 Progress in Organic and Macromolecular Compounds
(MACRO lasi) 2025 : . 20" z et

77

acetophenone — pyridine — imidazole / benzimidazole salts 6, acetophenone — pyridine — triazole

7, etc. (Scheme 1).
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Scheme 1. Hybrid azaheterocyles 1-7.

A typical procedure to obtain chimeric azaheterocycles derivatives involve mainly 3+n dipolar
cycloaddition reactions of cycloimmonium ylides to different dipolarophyles. Thus, we obtained a large
variety of chimeric compounds such us: pyrrolo-bipyridine 8, pyrrolo-quinolines 9, pyrrolo-isoquinolines
10, pyrrolo-benzoquinoline 11 and 12, pyrrolo-phenatroline 13, pyrrolo-pyrdazine 14, pyrrolo-phthalazine
15, pyrrolo-pyrimidines 16, pyrrolo-pyrazines 17, etc. (Scheme 2).
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Scheme 2. Chimeric azaheterocyles 8-17.

The obtained hybrid and chimeric compounds type 1 - 17 were tested for their in vitro anticancer activity
according to the NCI 60 protocol on 60 distinct human tumor cell lines, these include leukemia, melanoma,

and tumors of the lung, colon, brain, ovary, breast, prostate, and kidney. The in vitro antimicrobial activity
was determined against bacterial strains (Gram positive and Gram negative), fungal strains (human and
plant), and Mycobacterium tuberculosis (Mtb)strains (replicating and non-replicating form, drug-resistant
strains). For anticancer activity point of view, the most active compounds (in the range of nano-molar) were
the hybrid quinoline — sulfonamide 4 and 5 [against 3 types of leukemia (CCRF-CEM, MOLT-4 and SR),
1 type of non-small cell lung cancer (HOP-62) and 1 type of brest cancer (MDA-MB-468)] and the chimeric
derivatives pyrrolo-bipyridine 8 (against melanoma MDA-MB-435, colon cancer HT-29, ovarian cancer
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OVCAR-3), and pyrrolo-pyridazine 14 (against melanoma MDA-MB-435). Concerning antituberculosis
activity, the hybrid acetophenone — pyridine — imidazole / benzimidazole salts 6, have an excellent activity
against both replicating and non-replicating M¢b, a bactericidal mechanism of action, and excellent activity
against drug-resistant strains. For antibacterial and antifungal activity, the most active compounds were the
hybrid pyrido- imidazole/benzimidazole salts 1, having a quasi-nonselective activity against the tested
human and plant pathogenic fungi, in some cases closely or superior to control drugs.

4. Conclusions

We present herein a thoroughly study concerning the synthesis, structure and biological activity of a large
variety of hybrid and chimeric azaheterocycles with potential anticancer and antimicrobial activity. Some
of the hybrid and chimeric azaheterocyles have excellent anticancer and antimicrobial activity, no toxicity,
excellent solubility in microbiological medium, good ADME properties, and could be considered as good
lead candidates for future drug development.
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1. Introduction

Lately, polymer characterization has acquired new dimensions and this happened not only because of the
progress in instrument development, but also due to the significance of some specific values that are critical
for immediate decisions. A present-day meaningful example belongs to the area of recycled plastics [1]. L.
Yu et al. made use of dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA) to
compare long-term viscoelastic parameters and thermal stability of virgin and recycled polysulfone plastics
[2]. Also, series of biodegradable polymers were evaluated from the point of view of the onset and
maximum degradation temperature (Tonset and Tmax), calorimetric (DSC — differential scanning calorimetry)
and DMA evaluation, before and after recycling processes up to seven cycles [3]. Likewise, a DSC-based
study was employed to establish the quality of polyethylene terephthalate (PET): virgin PET, degraded
PET, modified composition PET, PET suitable for recycling [4]. It is evident that any error or artifact
associated with the evaluation of the thermoreological results conduct to incorrect conclusions. With this
reflection in mind, we will present a very short survey of the most often possible misinterpretation
encountered in polymer evaluation.

2. Experimental

The thermogravimetric analyses of the samples were performed on a Discovery TGA 5500 (TA
Instruments, New Castle, DE, USA). The tests were conducted by using three heating rate algorithms:
constant heating rate (20 °C/min), dynamic heating rate (HiRes TGA and modulated approach-MTGA),
from ambient temperature to 700 °C. The HiRes TGA experiments were performed at resolution (R) 4 and
sensitivity (S) 1, using the constant heating rate of 20 °C/min. The MTGA experiments were performed
with 2 °C/min, a modulation amplitude of +5 °C and a period of 200 s.

Differential scanning calorimetry (conventional — DSC and modulated — MDSC) was performed with a
Discovery DSC 250 (TA Instruments, New Castle, DE, USA) under nitrogen atmosphere (50 mL/min).
The heating-cooling-heating program with a heating rate of 20 °C/min was employed. The MDSC analysis
was carried out with 3 °C/min heating rate, modulation amplitude +1 °C and modulation period 60 s.

Dynamic mechanical analysis (DMA) tests were performed on a RSA G2 (TA Instruments, New Castle,
DE, USA), in bending (three point bending clamp) and tension modes. The isochronal experiments (1 Hz)
were run with the heating rate of 2 °C/min, from -100 °C up to the temperature at which the sample is not
any more load-bearing. The deformation was kept within the limits of the linear viscoelastic range, which
was established in a preliminary oscilation amplitude test. The isochronal variation of the viscoelastic
properties (E” — storage modulus, E’” — loss modulus, tan J - loss factor) with temperature was recorded.

3. Results and discussion

Figures la and 1b include the results of the conventional TGA and modulated TGA (MTGA) for a
polyurethane derived from poly(tetramethylene ether glycol), hexamethylene diisocyanate and 3,6-dithia-

1,8-octanediol. The degradation temperature (Tqeg) evaluated from the evolution of the sample mass vs.
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temperature, associated with 5% mass loss (Ts), interferes with the loss of the solvent. The detail of the
derivative weight curve (MTGA) presented in Figure 1b brings out the impact of the traces of solvent.
Therefore, the values Ts (TGA) and Ts (MTGA) (262.3 °C and 220.4 °C) are out of the margin of admitted
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Figure 1. The thermal degradation curves for the investigated polyurethane,
obtained by (a) TGA and (b) MTGA.

Briefly, the degradation of this polyurethane material is split in two main stages: the decomposition of the
urethane groups (up to around 350 °C) and of the polyols that continue up to around 450 °C. It is clear from
Figures 1 that the resolution of the MTGA is improved to a greater degree and allows to differentiate these
steps.

The misinterpretation in DSC and DMA is mostly the result of overlapping phenomena. As a consequence
of processing conditions, the glass transition region determined by conventional DSC intersects with the
stress relaxation, i.e., the heat capacity step is disrupted by an endothermic peak. This fact questions the
correctness of T, identifying as the middle point of the transition. It is usual to differentiate the two events
in a MDSC test. This procedure applied to a polyester resin derived from diglycidyl ether of bisphenol A
(DGEBA) and 5-maleimidoisophthalic acid (MIPA) in a study dedicated to evidence the retro Diels-Alder
reaction associated with the maleimide-anthracene adduct [5]. Commonly, for sensitivity reasons a
conventional DSC is performed whith a quite high heating rate (20 °C/min). In contrast, MDSC is
performed with low heating rate (3 °C/min). The result of the two approaches (DSC and MDSC) gives
different T, for the DGEBA-MIPA polyester resin: 70.1 °C for conventional DSC (evaluated as the onset
of the glass transition range) and 53.9 °C in MDSC, evaluated as the middle point of the heat flow step on
the reversing curve. Importantly, the outcomes need to be comprehended much more in phenomenological
terms than focusing on very specific values of temperature, which are less representative for the purpose of
a certain study.

In the publications dedicated to polymers the glass transition region is usually reported as a single value of
temperature, usually included in a table. In the same time, it is generally accepted that the accurate approach
would be to replace this temperature with an interval. For scientists very familiar with thermorheological
investigations of polymers, DMA reveals much more due to the fact that the variation of three parameters
is taking in consideration (E', E", tan 3). Figures 2a and 2b display the variation of tan & with temperature
for a well-behaved polymer (2a) and for a polymer that undergoes a morphological transformation during
the experiment (2b). Figure 2a reveals that once the coordinated motions of long chains advances during
the glass transition, the value of tan J increases, reaches a maximum and returns to initial value, which is
usually lower than 0.1.
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Figure 2. The variation tan d vs. T during for two circumstances: (a) a typical amorphous polymer and (b)
a polymer with a change of morphology during the glass transition.

A close look at the increase of tan & with temperature shows at least three aspects (Figure 2b). First, the
abrupt increase of tan & is suddenly interrupted and it switches to descending. Second, the descending side
is less abrupt, which the occurrence of two super-imposed phenomena. Finally, the tan & value at the end
of the glass transition is higher than the pre-transition value. Therefore, the glass transition temperature
reported as the tan 6 peak value does not represent the correct point, it is just the value of temperature where
the secondary phenomenon takes over the glass transition. Under these circumstances, T reported as the
onset of E” would be more appropriate.

4. Conclusions

As long as the ascertainment of recycling quality by thermorheological approach became a routine, it is
very relevant to pay attention to all the details of the outcome. Also, the application of advanced techniques
such modulated or sample-controlled procedures are very relevant.
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1. Introduction

The contamination of waters with different heavy metal ions (HMIs) represents one of the most serious and
severe problems nowadays, numerous studies being developed in order to solve it [1]. This study focusses
on the Tarnita closed mine area because it is very polluted with heavy metal ions and the ecological disaster
is pronounced, being necessary a rapid area recovery. Pollution of surface and underground waters with
heavy metal ions around the closed mine in Tarnita continues to present a high risk to public health [2]. In
this context, collected water from Tarnita contaminated area were qualitatively and quantitative analyzed
for identification of principal contaminants (heavy metal ions) by atomic absorbance spectroscopy (AAS),
significant amounts of heavy metal ions (Me?") (iron 154.59 mg/L, copper 19.91 mg/L and manganese 1.95
mg/L) being detected in the surface water.

The search for an effective and economical method of removing toxic metal ions requires the consideration
of materials and processes that might have potential in this field. Some polymeric substances have the
ability of metal ions complexation; the ion exchange resins (IExRs) representing an important category of
synthetic polymers with wide applicability in removing HMIs from contaminated waters. The principal
characteristics of chelating crosslinked acrylic polymers are the flexibility in optimization of pore size and
the type of donor atoms from functional groups [3]. Among the functional chelating groups, the
amino/imino (—NH»/~NH-), carboxyl (-(COOH) and amide (-NH—CO-) groups could selectively retained
Lewis’s acids (metal cations). Even if the literature presents distinct informations on the IExRs and their
sorption capacity, this study represents a comprehensive study on the synthesis and characterization of some
ion exchange resins based on acrylic copolymers with 8% crosslinking, and their applications as sorbents
for heavy metal ions.

2. Experimental

The IExRs were obtained by copolymerizing ethyl acrylate, acrylonitrile and 8% divinylbenzene cross-
linker, following a previous published method [4]. Ethylenediamine (EDA) or triethylenetetramine (TETA)
were used to functionalize the copolymer bears by adding amino groups, creating thus weak
cationic/anionic resins, while hydrazine hydrate (HA) was used to obtain weak anionic resins with
hydrazide groups. Zwitterionic resins (Zw) were prepared by reacting these resins with sodium
chloroacetate (Figure 1). The structure and surface of the resins were confirmed using FTIR-ATR and SEM.

Sorption tests were done by mixing 1 mL of resin with 20 mL of 1 mM metal ion solutions (Cu?*', Fe**,
Mn?*) for 24 hours at room temperature, in batch experiments. The AAS method was used to determine the
amount of heavy metal ions (Cu®*, Fe?*, Mn?*) remained in the solutions after being in contact to IExRs, in
tests using simulated waters (mono- and multicomponent HMIs) and water collected from Tarnita aria.
Also, batch sorption experiments using simulated aqueous solutions of mixtures of these four HMIs were
performed to investigate the isotherms, kinetics and thermodynamics of the sorption process.
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Figure 1. Synthesis scheme of the ion exchangers.
3. Results and discussion

Figure 2 shows that the removal effectiveness has significant differences, based on the type of
functionalization of IExRs and the heavy metal ion present in the solutions.
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Figure 2. Removal efficiency of HMIs by IExRs from
(a) monocomponent and (b) multicomponent synthetic polluted waters, and (c) Tarnita water;
(d) SEM micrographs of tested [ExRs (300 pm scale bar); insets (5 um scale bar).

The removal efficiency of the parent resins such as IEx-EDA and IEx-TETA was consistently low,
particularly in Figure 2(b) and (c), where the removal percentages is below 30% in most cases.
Nevertheless, the functionalization with amphoteric group of both weak cationic resins, namely the samples
IEx-EDA-Zw and IEx-TETA-Zw, and both the weak anionic resins, IEx-HA, and its corresponding
amphoteric derivative, IEx-HA-Zw, conducted to an increase on the HMIs sorption capacity and reaching
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or exceeded 90—100% in specific cases. This enhancement on their sorption capacity is due to the increased

density of active binding sites and the increased chemical affinity of functional groups (e.g., carboxyl,
hydroxyl, amine) for divalent cations, which allows the formation of coordination complexes with metal
ions. Additionally, the modified resins showed excellent selectivity and removal efficiency, especially for
Cu?" and Fe?" ions.

The SEM images compare the surface morphologies before and after functionalization with amphoteric
group of all the IExRs samples used in this study (Figure 2 (d)). Thus, the weak cationic and anionic IExR
shows smooth surfaces (IEx-EDA, IEx-TETA, I[Ex-HA), while the amphoteric resin (IEx-EDA-Zw, IEx-
TETA-Zw, IEx-HA-Zw) reveals rougher textures, which improves their ability to retain HMIs. Also, after
functionalization, the microspheres maintain their structural integrity (inset micrograph), making them
suitable for use in water filtering applications.

4. Conclusions

The tested zwitterionic resins and IEx-HA demonstrated effective removal of HMIs (Fe, Cu, Mn) from
synthetic and Tarnita polluted water, reducing their content up to 90-100%. The zwitterionic resins
maintained their high sorption performance over six regeneration cycles, highlighting their potential as
reusable, efficient solutions for heavy metal remediation in contaminated real water.
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1. Introduction

Nowadays, air pollution is one of the most important issues which is determined by the particulate matter
and gaseous components (NO> and NO, O3, SO, CO, and volatile organic compounds (VOCs). Although
the life expectancy has increased significantly due to high living standards, air pollution by toxic gases and
VOC:s is still an unsolved problem in large cities, especially in countries with low- and middle-incomes.
The long-term exposure to toxic gases and VOCs accelerates the global warming and climate changes, and
in the short-term, can be hazardous to human health. World Health Organization claims that air pollution
in cities is one of the important causes of global mortality, being responsible for almost 800 000 premature
deaths each year. Despite the ability of the human olfactory system to detect odorous gases (such as H»S,
NH3;, and most VOCs), in some cases, the gas or VOC concentration is below the limit of detection of the
human nose. Moreover, when the air contains a mixture of gases, the human nose can’t discriminate
between different gases and VOCs. Therefore, the development of devices for the early detection of toxic
gases and VOC:s is essential.

Benzene, as part of the volatile organic compounds (VOC), is designated as a group 1 carcinogen by the
International Agency for Research on Cancer [1]. Benzene may be found in the air emissions from burning
coal and oil, gasoline service stations, and motor vehicle exhaust. Therefore, the human short-term
inhalation exposure to benzene may cause drowsiness, dizziness, headaches, as well as eye, skin, and
respiratory tract irritation. The long-term exposure has caused various disorders in the blood such as
reduced numbers of red blood cells and aplastic anemia, adverse effects on the developing fetus, leukemia
[2]. Despite its serious harmfulness, benzene is ubiquitous in our daily lives being found in adhesives,
carpets, furniture e wax, is emitted with cigarette smoke and burning objects. However, it is impossible for
non-scientific community to verify ambient benzene concentrations due to scarce cost-effective detectors
capable of real-time benzene monitoring. Therefore, the need for the development of benzene sensors
represents an urgent demand for society health [3].

Only several sensitive sensors for benzene/toluene/ethyl-benzene/xylene (BTEX) detection have been
reported until now, including quartz crystal microbalance (QCM)-based sensors, fluorescent sensors,
resonant-gravimetric gas sensors, microelectromechanical gas sensors, resistive-based gas sensors, etc. The
performance of such sensors in terms of responses of is relatively low, while the selective detection of a
single gas among the BTEX group is challenging because of the similar nature and chemical structure of
the analytes to be detected. New sensing materials are necessary to be developed and tested in different
sensor technology to enlarge the detection limit of BTEX beyond several ppb. Moreover, a rational strategy
to make sensing materials selective to benzene with repressed cross-responses to other volatile organic
compounds from BTEX is still challenging.

Polyimides, as part of high-performance polymers, are known for their excellent combination of chemical,
physical and mechanical properties which endow them characteristics suitable for a large range of
applications. To overcome the major disadvantages of poor solubility and non-melting characteristics of
classical aromatic polyimides, various strategies were undertaken, which mainly include the perturbation
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of the macromolecular symmetry by the incorporation in the main chain of flexible or unsymmetrical

moieties or of various kinked pendant groups [4]. Polyimide-based sensor materials are appealing for this
domain owing to their facile preparation methods, low cost, chemical inertness, mechanical and thermal
stability, ease of deposition onto various substrates and high biocompatibility, being used in many high-
tech fields [5]. In this context, polyimides have been used in the development of humidity sensors as
functional layers, temperature sensor arrays, gas sensors or biosensors, among others.

Herein, we report the synthesis of a semi aromatic copoly(ether-imide) with hard and soft segments for
toluene detection. Such structural architecture is expected to allow swelling of the soft segment when the
polymer is in contact with the analyte, while the hard segment will remain intact, ensuring the integrity and
dimensional stability of the material.

2. Experimental

The copoly(ether-imide) (CoPEI) was obtained by the classical two-step polycondensation reaction by
using an equimolecular mixture between the an aromatic dianhydride (3,3’,4,4’-benzophenone
tetracarboxylic dianhydride) and the two diamines (2,6-bis(3-aminophenoxy) benzonitrile and Jeffamine®
ED-2003), the weight ratio between the two diamines being of 0.7 aromatic diamine: 0.3 aliphatic diamine.
The reaction was performed in NMP, with a concentration of 20% in solids.

3. Results and discussion

The copoly(ether-imide) structural confirmation was made by 'H-NMR and FTIR spectroscopies, as shown
in Figure 1. The '"H-NMR spectrum proved the formation of the designed structure by the disappearance
of the intermediary polyamidic acid signals (from 14 and 10 ppm) and by the existence of the peaks
associated with dianhydride (8.28 + 7.97 ppm), aromatic diamine (7.60 and 6.67 ppm), and aliphatic
diamine segments (4.58, 3.30, 1.46 and 1.00 ppm). FTIR spectroscopy also confirmed the CoPEI structure
by the presence of the absorption bands characteristic for the imide cycle at: 1778 and 1715 c¢cm™!
(symmetrical and asymmetrical stretching vibrations of C=0), 1371 cm™ (C—N stretching), and 715 cm
(imide ring deformation). The absorption peak at 1226 cm™ was attributed to the aromatic ether groups,
while the presence of nitrile groups was observed at 2228 cm™'. The ED-2003 fragments in the soft part of
the copolymer were identified as wide absorption bands attributed: to the asymmetric and symmetrical
methylene group at 2944-2869 ¢cm’!, to the aliphatic ether C—O—C bond at 1090 cm’!, as well as C—-O
bending group at 859-853 cm.
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Figure 1. '"H-NMR and FTIR spectra of CoPEL

The copolymer had a good solubility in low boiling point solvents like CHCs and THF, and in polar aprotic
solvents like DMF, DMAc, DMSO and NMP. Due to the good film-forming ability of CoPEI in THF
solution, it was used to prepare homogenous transparent coatings on different supports (Si, Si/SiO, and
quartz), as can be seen in Figure 2. The thermal stability of the copolymer was high, with initial
decomposition temperature of 399 °C and glass transition temperature of 104 °C.
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Figure 2. Images of CoPEI coatings on Si, Si/Si0, and quartz substrates.

The CoPEI coating on quartz was used afterwards in preliminary test for validation as sensitive coating
material toward toluene (used for testing instead of carcinogen benzene) detection. After several exposure
times to a saturated toluene vapours atmosphere, CoPEI film exhibited a decrease in the absorption bands
of the UV-vis and PL spectra as compared to the initial sample. Contact angle measurements registered an
increase, from 39 to 58°, indicating a decrease in wettability. QCM measurements indicated an important
polyimide mass change triggered by toluene adsorption. The obtained data enabled the validation of CoPEI
as suitable responsive material towards toluene detection, proving the interaction of the analyte with the
copolymer matrix.

4. Conclusions

A semiaromatic copoly(ether-imide) was synthesized, characterized and preliminary tested as sensitive
coating for toluene detection in a saturated vapours atmosphere. The data obtained from UV-vis, PL, QCM
and contact angle measurements suggested a good sensitivity and selectivity of this coating towards toluene
detection. Future work will involve measurements to establish the limit of detection in accordance to
toxicological datasheet.
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1. Introduction

Erythromycin (EM) is a broad-spectrum macrolide antibiotic used for the treatment of various infections,
both internally and externally, as well as for other non-infectious pathologies, such as gastroparesis, due to
its motillin receptor agonist properties [1,2]. In addition to its antibacterial activity, EM also possesses
immunomodulatory properties that aid in managing inflammatory conditions, hence its wide-spread use in
acne treatments [3]. However, limitations such as low solubility, instability in acidic environments and
short half-life affect therapeutic efficiency and increase the risk of undesired effects [4,5]. The current study
focused on designing a reproducible EM formulation by encapsulation of the drug into chitosan oligomer
(CO)-coated vesicles, in order to achieve a nanometric drug-delivery system with enhanced properties and
sustained release capacity, therefore addressing EM’s limitations and difficulties in administration.

2. Experimental

The preparation of CO-coated liposomes loaded with EM (CEy;p) was conducted through an optimized
method based on thin film hydration. The thin film was achieved through the dissolution of the drug and
lipid (phosphatidylcholine, PC) in CHCls, followed by removal of the solvent through rotary evaporation.
PBS 7.4 was used for the hydration of the previously obtained film, due to its isotonic and isohydric
composition, similar to physiological fluids. A temperature above the lipid’s phase transition temperature
(37 °C) was ensured during the hydration process in order to support the rearrangement and self-
organization of the vesicles under intense stirring. The optimal hydration time, determined by visual
evaluation of the suspension’s turbidity, was found to be 60 hours. Once the hydration was completed, the
liposomes were subjected to extrusion through polycarbonate membranes, in order to reduce particle size
and attain narrow polidispersity. The coating process was performed by the drop-wise addition of the
liposomal suspension to a 0.5% CO solution in 0.5% acetic acid, thus promoting a greater stability of the
formulation. Finally, a sucrose solution was added as a cryoprotectant, in an equivalent volume to that of
the sample/coating solution. The final product was purified through dialysis in order to eliminate residual
acetic acid and free EM. Both plain coated liposomes (Ci;p) and plain liposomes encapsulating EM (Ei;p)
were obtained.

3. Results and discussion

The structural characterization through FTIR and NMR spectroscopy demonstrated the presence of all
components of the liposomal formulation, as well as the physical interactions between them, confirming
the effective encapsulation of EM and coating with CO. XRD and POM analysis of the formulation
highlighted that EM was distributed amorphously in the lipid bilayer, and that the sample exhibited
moderately birefringent domains. By using coupled heating/cooling cycles with POM microscopy, it was
found that the CO coating significantly improved the thermal stability of the liposomes.

The STEM and AFM images confirmed the spherical morphology, uniform dimensions (average diameter
measured ~97 nm), and structural stability of the coated liposomes, highlighting the efficiency of the CO
coating in maintaining integrity and preventing aggregation (Figure 1).
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Figure 1. STEM images of CEj;, liposomes, with visible coating (scale: 200 nm).

DLS evaluations confirmed the nanoscale size of the tested liposomes (~97 nm), as well as their uniform
size distribution (PDI~0.1), positive surface charge (~9 mV), and good colloidal stability, validating the
STEM results. The optimized formulation remained stable for at least 6 weeks, particularly at 25 °C, making
it suitable for safe and reproducible pharmaceutical applications.

The quantitative determination by UV-Vis of EM showed that the liposomal formulation had a satisfactory
encapsulation efficiency (~63%). The study of the release kinetics revealed a sustained release of up to
~75% in 10 hours, highlighting the role of chitosan coating in protecting and controlling drug release under
physiologically similar conditions.

Evaluation of the antioxidant activity confirmed a cumulative effect of the components, with values of
~80% for the CEj, formulation (Figure 2). These results were mainly attributed to the presence of CO,
although both PC and EM demonstrated radical scavenging capability, supporting the applicability of the
formulation in treatments involving the combat of oxidative stress.
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Figure 2. Graphical representation of the tested samples’ scavenging activity,

undiluted (1), 1:1 v/v dillution (2) and 1:3 v/v dillution (3).

The mucoadhesive properties of the investigated samples were determined through turbidity measurements,
when turbidity changes upon contact with mucin. The samples demonstrated impressive mucoadhesion,

confirmed by a significant decrease in transparency in the presence of mucin (from 41.57% to 3.19%),
supporting their potential for prolonged release of EM at mucosal sites.
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The liposomal formulations exhibited rapid and effective antibacterial activity, particularly against

Enterococcus faecalis, surpassing the performance of the free antibiotic and highlighting their potential for
infection and bacterial resistance prophylaxis.

Following the cytotoxicity tests on gingival fibroblasts, it was concluded that the liposomes exhibited good
cytocompatibility, meeting ISO standards and indicating an appropriate safety profile for biomedical
applications, with a possible protective role of EM towards the cells.

4. Conclusions

The current study presents the successful preparation and characterization of CO-coated EM liposomes, as
an advanced drug-delivery system specifically designed for the sustained release of erythromycin. The
vesicles displayed nanometric-scale dimensions with low polidisperisity, indicating the quality of the
formulation. Furthermore, the liposomes demonstrated good encapsulation efficiency, ensuring an optimal
erythromycin amount within the carrier system. /n vitro release studies confirmed a sustained release
profile, controlled predominantly by both diffusion and matrix erosion mechanisms. The liposomes
exhibited pronounced antioxidant activity, enhanced muchoadhesive properties and superior antibacterial
activity compared to non-encapsulated EM. Importantly, cytotoxicity assays confirmed the formulation’s
safety profile, highlighting its suitability for use in therapeutic applications. Collectively, these findings
establish the CO-coated EM liposomes as a promising and versatile formulation for antimicrobial therapy.
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1. Introduction

Cancer remains a major global health challenge, responsible for approximately 1 in every 6 deaths and
affecting nearly every household. In 2022, around 20 million people were diagnosed with cancer, with
about 9.7 million deaths attributed to the disease. This burden is expected to rise by 77% by 2050, placing
immense pressure on healthcare systems and communities [1]. The disease affects not only individuals’
health and well-being but also carries profound social and economic consequences, particularly as it often
strikes individuals during their prime working years. This leads to reduced workforce productivity and
increased healthcare costs, thereby hampering sustainable development. Among the most prevalent cancers
globally are breast, lung, colon and rectal, and prostate cancers. Lung cancer led to the highest number of
cancer-related deaths in 2020, while breast cancer was the most frequently diagnosed. Despite
advancements in treatment, current therapies are often limited by side effects and drug resistance,
emphasizing the need for continued research into safer and more effective anticancer drugs [2].

A promising area of such research lies in the development of N-heterocyclic compounds, which contain
nitrogen and often other heteroatoms like sulfur and oxygen, facilitating stronger interactions with DNA.
These compounds are prevalent in pharmaceuticals, natural products, and biologically active molecules due
to their diverse therapeutic effects [3]. Particular interest has been directed toward heteroaromatic
compounds such as benzimidazoles, benzothiazoles, indoles, and quinolines for their anticancer properties,
which include the inhibition of cell proliferation and induction of apoptosis. Notably, pyrrole and its
derivatives stand out for their wide-ranging biological activities, including anticancer [4], antibacterial,
antioxidant, and anti-inflammatory effects [5]. They also show potential as tyrosinase and carbonic
anhydrase inhibitors, and in disrupting protein interactions critical to cancer progression. Given their
multifunctional potential, designing new pyrrole-based molecules that can target multiple cellular pathways
is a powerful strategy in modern drug discovery.

2. Experimental

Our aim was to repurpose hybrid molecules that have two iodine atoms on their sides and a core constituted

of a small and active heterocycle, pyrrolo-2-one, respectively. Thus, we resynthesized the compounds
starting from iodoaniline (1), aromatic substituted benzaldehyde (2, 6 or 8), pyruvic acid and a catalytic
amount of trifluoroacetic acid in ethanol media (Figure 1) to obtain the desired derivatives. Despite
employing conditions typically associated with the Doebner reaction—a well-established method for
synthesizing quinolines—the electron-withdrawing nature of the substituted aniline directed the reaction
pathway toward the formation of 1H-pyrrol-2(5H)-one derivatives (3a—n) rather than carboxyquinolines.

[6].
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Figure 1. Reaction pathway to compounds 3a-n.
3. Results and discussion

The ADME profile of compounds 3a—n provides essential insights into their pharmacokinetic behavior and
overall potential for drug development. By evaluating parameters such as gastrointestinal absorption,
blood-brain barrier (BBB) permeability, metabolic stability, and potential interactions with cytochrome
P450 enzymes, we can predict in vivo performance. High gastrointestinal absorption suggests good oral
bioavailability, while limited BBB permeability may help minimize central nervous system side effects.
Assessing CYP enzyme interactions further enables early identification of possible metabolic liabilities and
drug—drug interactions. Our compounds demonstrated favorable gastrointestinal absorption and BBB
permeability, though low water solubility remains a significant limitation that may affect bioavailability
and formulation.

To complement these evaluations, we employed the CLC-Pred (Cell Line Cytotoxicity Predictor), a
computational tool that predicts compound cytotoxicity across various human cancer cell lines based on
machine learning models trained on large-scale experimental datasets. CLC-Pred assists in prioritizing
candidates with the highest predicted efficacy, helping to streamline early-stage drug discovery and reduce
reliance on costly in vitro testing. Particularly useful when exploring novel chemical scaffolds, this
approach guided our compound selection prior to biological evaluation. Following the computational
screening, we proceeded with in vitro testing.

The cytotoxic potential of the compounds was assessed in two stages. First, biocompatibility was evaluated
on normal human gingival fibroblasts (HGF). At a concentration of 10 uM, all compounds exhibited high
biocompatibility, with cell viability exceeding 80%. At 50 uM, compound 3h showed clear cytotoxicity,
while compounds 3g, 3k, and 31 demonstrated moderate biocompatibility reductions, with viability values
of 76%, 64%, and 77%, respectively.

In the next phase, all compounds were submitted to the National Cancer Institute (NCI) for single-dose
(10> M) screening against the NCI-60 panel, which includes 60 human tumor cell lines representing
leukemia, melanoma, and cancers of the lung, colon, central nervous system, ovary, kidney, prostate, and
breast. Among the series, compounds containing trifluoromethyl or cyan substituents showed broad and
potent growth inhibition across most cell lines, as reflected by low average growth percent (GP) values.
Based on predetermined inhibition thresholds, compounds 3e, 3h, and 31 were selected for five-dose testing
to determine Glso, TGI, and LCso values, confirming their strong antiproliferative activity.

Despite osteosarcoma being the most prevalent primary bone malignancy in children and adolescents, it is
notably absent from the NCI-60 panel. This omission presents a significant limitation, especially
considering the tumor’s aggressive nature and poor outcomes in advanced stages. Current treatments are
largely confined to chemotherapy and surgery, with little therapeutic innovation in recent decades. One
contributing factor is the lack of high-throughput drug screening models that incorporate osteosarcoma cell
lines. Given the distinct genetic and resistance characteristics of osteosarcoma compared to other tumor
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types, relying solely on surrogate models from the NCI-60 panel is scientifically inadequate.

To address this gap, we included two osteosarcoma cell lines, HOS and MG-63, in our in vitro evaluation.
Encouragingly, the results from these tests demonstrated promising anticancer activity for several
compounds, supporting their potential as leads for further development in osteosarcoma-specific therapies.

4. Conclusions

In this study, we successfully repurposed fourteen novel iodine-substituted pyrrol-2-one compounds as
potential anticancer agents. The compounds were initially assessed through theoretical predictions,
focusing on their antiproliferative potential and biocompatibility profiles. Experimental validation was
conducted through the NCI-60 human tumor cell line screening, where all compounds were evaluated using
standard internal protocols. Three compounds advanced to the second stage of testing, with their Glso, TGI,
and LCso values determined, indicating notable anticancer activity. Furthermore, all compounds were tested
on osteosarcoma cell lines HOS and MG-63, addressing a critical gap not covered by the NCI-60 panel.
The experimental results showed a strong correlation with the in silico predictions, reinforcing the
reliability of the computational approach and supporting the potential of these compounds for further
development as anticancer agents.
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1. Introduction

A series of nitronyl nitroxide radicals bearing alkyl chains with variable lengths from 2 to 9 C atoms was
prepared and used to investigate their electron paramagnetic resonance (EPR) spectra in water and micellar
solutions of sodium dodecyl sulphate. The analysis of the EPR spectra reveal that the nitronyl nitroxides
with a long alkyl chain are more sensitive to the micelle formation.

2. Experimental

Materials: N,N’-(2,3-dimethylbutane-2,3-diyl)bis(hydroxylamine) synthesized in the laboratory following
procedure described in literature [1]. Propanal, butanal, hexanal, octanal, nonanal, decanal, triethylamine,
potassium periodate (KI104), sodium nitrite (NaNO2) were purchased from Sigma Aldrich. The following
solvents used for synthesis and purification were purchased from CHIMREACTIV.

Synthesis: In the first step, to a solution of N,N’-(2,3-dimethylbutane-2,3-diyl)bis(hydroxylamine) in
methanol (MeOH) was added aliphatic aldehyde dissolved in a volume of 10 mL MeOH were added. The
synthesis was carried out at reflux, equipped with a continuous stirring system, for 8 hours and monitored
by thin layer chromatography (TLC). The nitronyl-nitroxide radicals were obtained as follows: the crude
reaction mixture was cooled, diluted with 10 mL of distilled water, and treated with a saturated aqueous
solution of NaHCOs to induce precipitation. Subsequently, the mixture was treated with a saturated KIO4
solution to obtain the nitronyl-nitroxide radical. To purify each compound, extraction with DCM was used,
followed by drying with anhydrous Na,SO4 and separation on a semi-preparative chromatographic plate.

EPR spectra: The EPR spectra of nitronyl nitroxides (2x10* M), in water and SDS 10 M water solutions
were collected using Jeol FA-100 X-band spectrometer. The EPR parameters set for these measurements

were: microwave power 1 mW, frequency 100 kHz, sweep field 100 G, center field 3217 G, sweep time
240 s, modulation width 1 G.

3. Results and discussion
A series of six nitronyl-nitroxides was obtained following a procedure described in Figure 1.

The eluents used for separation and the retention factor values, Rf, are specified in Table 1. Structural
confirmation was obtained using electrospray ionization mass spectrometry.

The EPR spectra of nitronyl nitroxides in water and in 102 M SDS solution are shown in Figure 2. The
EPR spectra of nitronyl-nitroxides usually show five lines due to the coupling of the unpaired electron with
the two nitrogen atoms in their structures. In the case of nitroxides with an aliphatic chain shown in Figure
1, additional equally spaced lines appear due to coupling with the hydrogen atoms from the carbon atom
adjacent to the heterocycle.

The spectra of each nitronyl nitroxide were simulated using the Winsim program to obtain the values of the




5 Progress in Organic and Macromolecular Compounds
(MACRO lasi) 2025 - . 20" z et

95

hyperfine splitting constants: ani, anz2, and an. The values obtained are presented in Table 2. The spectral
parameters of the six nitronyl nitroxides are not influenced by the length of the alkyl chain. It can be
observed that in the case of radicals with a short alkyl chain, the value of ay decreases in the SDS micellar
solution. On the other hand, as the alkyl chain length increases, the ax values decrease, which proves that
the paramagnetic group penetrates deeper into the micelles.

OH
I oH io
P, N 7 N KIO Ne
I + R—CH ﬂ, (IR >—H &, g k}—R-'
” $h, stirring, - DCM M
MH = M M
| reflux \ 3
OH OH O
BHA hydroxilamine nifronvl-nitraxide
(WNN)
R

CHa

Figure 1. Synthesis scheme of nitronyl-nitroxide radicals with linear alkyl chain.

Table 1. Mixture of eluents, retention factor values, and m/z values
corresponding to synthesized nitronyl nitroxides

Nitronyl-nitroxide Eluent R¢
NN-propanal DCM:EA (3:7) 0.52
NN-butanal DCM:EA (3:7) 0.43
NN-hexanal DCM:EA (3:7) 0.43
NN-octanal DCM:C5 (7:3) 0.40
NN-nonanal DCM:EA:C5 (3:5:2) 0.54
NN-decanal DCM:EA:C5 (3:4:3) 0.47

Table 2. The hyperfine coupling constants of NN in water and SDS 102 M.

water SDS
Nitronyl-nitroxide ani an2 ag ant an2 ay
NN-propanal 8.2 8.2 2.2 8.2 8.2 1.9
NN-butanal 8.2 8.2 1.9 8.2 8.2 1.9
NN-hexanal 8.2 8.2 1.9 8.1 8.1 1.52
NN-octanal 8.2 8.2 1.9 8.15 8.15 1.92
NN-nonanal 8.2 8.2 1.9 7.9 7.9 1.9
NN-decanal 8.2 8.2 1.9 7.75 7.75 1.8
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Figure 2. The EPR spectra of nitronyl-nitroxides (NN) in water and in SDS 102 M.
4. Conclusions

The experimental data obtained demonstrate that nitronyl-nitroxide spin probes with alkyl chains can be
used to explore self-assembly processes in ionic surfactant solutions.
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1. Introduction

Lignin is an aromatic biopolymer and by-product of the papermaking and biorefinery industries. Given its
rich aromatic composition, lignin is a suitable material for the synthesis of carbon-based structures with
interesting properties such as fluorescence, making it a promising compound for advanced functional
applications [1]. Considering the above context, organosolv lignin, extracted from birch wood (OL) and
Ecobinder lignin, extracted from flax (EL) were used as precursors to synthetize fluorescent carbon-based
structures via a hydrothermal method.

2. Experimental

OL and EL were initial treated with HNOs at 90 °C under stirring for 4 hours, then cooled, washed and
dried. After solvent addition, the sonicated mixtures underwent a thermal treatment (Table 1). The obtained
suspensions were filtered, dialyzed 4 days, and dried at 60 °C, resulting the lignin carbon-based structures
coded as in Table 1.

Table 1. Conditions for the obtainment of carbon-based structures.

Sample cod Solvent Thermal treatment
OL-ac Acetone
OL-et Ethanol Autoclave
EL-ac Acetone (95 °C, 50 mbar, 8 h)
EL-et Ethanol

FTIR spectra of the obtained structures were recorded using a Vertex 70 FTIR spectrometer from Briiker.
A Malvern Panalytical Zeta-sizer Advance Pro Red instrument (Malvern Panalytical Ltd., Malvern, UK)
was used to analyze the particle size distribution and the zeta potential. Steady-state fluorescence and
fluorescence lifetime decay were measured using a Horiba Fluoromax 4 spectrofluorometer (Horiba Ltd.,
Kyoto, Japan).

3. Results and discussion

FTIR spectra of lignins and the obtained structures are presented in Figure 1. Both lignin spectra present
aromatic skeletal vibration related bands occurred at wavelengths between 1598 — 1420 cm™!. At around
2900 cm ™! are the signals attributed to stretching vibration of the -CHs and —CH, — groups. Lignin-specific
—~CH,~ and tertiary C—H groups presented symmetric stretching vibrations at 2845 ¢cm™!. At around 3420
cm’ ! stretching vibration peaks of —~OH are observed. In carbon-based structures spectra, the band at 1634
cm™! indicates sp>hybridized carbon atoms with oxygen-containing groups, while the 1720 cm™ peak
corresponds to non-conjugated C=0 stretching due to HNOs treatment. These features suggest that the
obtained compounds present the aromatic structure of lignins and have enhanced n-conjugation, explaining

their fluorescence.
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Figure 1. FTIR spectra of: (a) OL; (b) OL-ac; (c) OL-et; (d) EL; (e) EL-ac and (f) EL-et.

The fluorescence emission properties of the synthesized carbon-based structures revealed emissions in the
blue-green region. As shown in Figure 2, increasing the excitation wavelength from 300 nm to 360 nm
caused a gradual shifting in the direction of the long wavelength. The observed shift indicates the presence
of multiple emissive states, likely arising from heterogeneous surface functional groups [2]. The
fluorescence intensity of carbon structures derived from lignin is strongly influenced by its structural
features/chemical composition. For example, Lignoboost lignin led to structures with higher fluorescence
intensity [3] as compared to OL or EL. This enhancement could be attributed to its richer content of oxygen-
containing functional groups which are known to improve photoluminescent properties.
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Figure 2. Fluorescence emission spectra of: (a) OL-ac; (b) OL-et; (c) EL-ac and (d) EL-et dispersed in
water at 1 mg/mL concentration under different excitation wavelengths.

The time-resolved emission spectra of the carbon-based structures solutions, fitted with a multi-exponential
decay model, revealed an average lifetime (<t>, ns), between 5.01 and 5.95 ns (Table 2). Surface functional
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groups influence structures fluorescence lifetime. Therefore, OL and FL-based carbon structures presented

the lowest <t> as compared with Lignoboost derived structures [3].

Table 2. Fluorescence lifetime decay curve fitting parameters of the
obtained carbon-based structures.

Sample Ti(ns) ai fi T.(ns) a f; T3(ns) a3 f3 ¥ <t>(ns)
OL-ac (Em—423nm) 136 0.18 0.06 2.72 0.12 0.07 5.44 0.70 0.87 090 5.01
OL-et (Em—432nm) 0.12 0.71 0.07 1.78 0.18 0.26 7.33 0.11 0.67 1.11 538
EL-ac (Em—402nm) 1.53 0.05 0.01 3.06 0.06 0.03 6.12 0.89 095 092 595
EL-et (Em-396 nm) 2.17 0.16 0.51 894 0.02 030 0.16 0.81 0.19 0.77 5.81

DLS analysis revealed that obtained structures with acetone as solvent have a smaller hydrodynamic
diameter as compared to those obtained with ethanol (Table 3). Moreover, their low zeta potential values
suggest improved colloidal stability as compared with structures obtained using ethanol. Similar behavior
was observed for Lignoboost-derived carbon-based structures, their particle size and zeta potential being
influenced by the solvent used during the thermal treatment [3].

Table 3. Hydrodynamic diameter and zeta potential for the obtained carbon-based structures.

Sample Hydrodynamic diameter Zeta potential
OL-ac 395.6 £26.12 -32.41+0.54
OL-et 613.8 = 81.8 -31.72 £ 0.67
EL-ac 466.5+127.9 2647 +1.34
EL-et 484.9 +44.99 -17.95 +1.32

4. Conclusions

Lignin carbon-based structures were obtained by HNOj assisted hydrothermal method, followed by thermal
treatment. The negative values of zeta potential suggested a good stability of the particle in water. Also,
they demonstrated excitation-dependent fluorescence emission behavior. The fluorescence data supported
the heterogeneous composition of the carbon-based structures due to the complex structure of lignin, as
evidenced by FTIR analysis. This study offers approaches for transforming biomass-derived lignin waste
into high-value products with a reduced carbon footprint.
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1. Introduction

Plastic pollution has become one of the most pressing environmental challenges of our time. Global plastic
production has surged dramatically, increasing from just 2 million metric tons in 1950 to over 400 million
metric tons by 2022. Among various types of plastics, polyethylene terephthalate (PET) plays a dominant
role, particularly in the packaging sector, which alone accounts for nearly 44% of total plastic consumption.
Alarmingly, more than 90% of the approximately one million PET bottles sold every minute are not
properly recycled; instead, they end up in landfills or the natural environment—where they can persist for
centuries and contribute to long-term pollution [1]. The urgent need to develop sustainable solutions for
plastic waste management has led to increased research efforts focused on circular economy principles.

In this context, the Plan-C project — Moving PLastics and mAchine iNdustry towards Circularity — unites
14 partners from across the Danube Region to drive circular economy transformations specifically in the
plastics industry. The project offers a holistic and forward-looking framework to rethink the entire plastics
value chain by fostering transnational collaboration based on the design thinking methodology. Its main
goals are to co-create innovative circular plastic solutions, develop practical prototypes and guidelines
tailored for SMEs, and align regional action plans with EU policies to support systemic and sustainable
change [2].

Within Plan-C, the design thinking approach — an iterative five-phase process (empathize, define, ideate,
prototype, test) — is especially effective in addressing the complex challenges of circularity in the plastics
sector. This methodology enables stakeholder-driven solutions that balance technical feasibility with
economic and environmental sustainability. Consequently, design thinking was applied to reimagine the
PET recycling process from a systemic perspective, identifying key areas for improvement.

Chemical recycling, in particular, offers a promising pathway to recover valuable monomers from PET
waste, potentially closing the material loop and reducing dependence on fossil resources. Thus, chemical
recycling of PET waste, including both transparent and colored bottles, was performed via catalytic
glycolysis using newly developed spinel ferrite catalysts. While this process efficiently produces BHET
(bis(2-hydroxyethyl) terephthalate), a valuable monomer, an important and often overlooked challenge
arises with colored PET waste. The embedded coloring agents persist in the liquid phase generated during
depolymerization, resulting in distinctly colored residual solution. This issue raises significant
environmental concerns, which are frequently neglected in PET recycling process. Effective management
and removal of these dyes from the glycolysis medium is necessary to enable truly sustainable chemical
recycling. Therefore, developing novel sorbents capable of selectively adsorbing these colorants is essential
to reduce environmental impact and close the loop in circular PET recycling.

2. Results and discussion

Catalytic glycolysis for PET depolymerization
Catalytic glycolysis was employed to chemically recycle PET waste from two sources: transparent and
colored water bottles. This process involves depolymerizing PET using ethylene glycol (EG) under
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moderate temperatures, using a newly developed spinel ferrite-based catalyst. The catalyst accelerates

reaction rates and enables a cleaner, potentially scalable process. As shown in Figure 1, the main product
of this reaction is bis(2-hydroxyethyl) terephthalate (BHET), a valuable monomer that can be reused to
produce new, recycled PET (r-PET).

0 o 0 Hﬂﬁ/\\,OH o .
e
H, . _OH
. OH ‘ MV
)KQﬁVO\/\ o7 Catalyst XO\lrox/\O/ HO/\, *O#F‘O\/\ o7 O 20 O~ o7
:0: ©0 20-’ 10
oET n Catalyst n Catalyst n E Catalyst ‘n
- ™, - Oligomers ~_OH
( Catalyst (spinel ferrite): v" Enhances reaction rate 3 - Dimers HO

“/I.ﬂ‘\l'e?“.i‘ reaction fem.peramre

v Improves selectivity 0
v’ Reduces contamination HO -~
v Allows catalyst tailoring O ~0n

v’ Improves economic and environmental impact 0

\ v Facilitates recovery and reuse
N J

BHET

Figure 1. Possible catalytic glycolysis mechanism and role of the spinel ferrite-based catalyst [1].

The process demonstrates high efficiency, delivering over 90% monomer yield in less than one hour. It is
designed for rapid operation and facile catalyst recovery, showing strong potential for industrial application,
particularly in the manufacture of high-performance r-PET.

While the process yields high-purity BHET from both transparent and colored PET, a notable challenge
emerges from the liquid phase generated during the glycolysis of colored PET. This phase retains intense
coloration due to residual dye compounds embedded within the polymer matrix, which persist through
depolymerization. The presence of this colored residue poses environmental concerns, representing a
significant yet often overlooked challenge in the chemical recycling of colored PET. Addressing this issue
is essential to achieve a sustainable recycling.

Biopolymeric magnetic composite beads for dye adsorption

To address dye removal from the residual phase of PET glycolysis, bio-based composite beads—previously
developed from sodium carboxymethyl cellulose (CMC) ionically crosslinked with iron cations to form
stabilized ionotropic hydrogels in beads form—were proposed as effective adsorbents [3]. Spinel ferrite
nanoparticles, synthesized via sol-gel auto-combustion, were incorporated within the cellulose hydrogel
matrix to facilitate magnetic separation of the beads from aqueous solutions.

The beads were thoroughly characterized structurally, morphologically, and magnetically. Initial adsorption
tests were conducted using methylene blue, a common model dye for persistent colorants. Kinetic studies
revealed that dye adsorption follows a pseudo-first-order (PFO) model, while equilibrium data fit well to
the Langmuir isotherm, indicating monolayer adsorption on a homogeneous surface. The maximum
adsorption capacity was 234 mg/g for methylene blue at 300 K. Thermodynamic analysis showed the
adsorption process to be spontaneous (negative AG) and exothermic (negative AH), confirming the beads'
efficiency under mild conditions. Molecular docking studies suggested that the primary interaction
mechanism between methylene blue and CMC involves electrostatic Coulomb forces between the
negatively charged carboxylate (—COQO~) groups of CMC and the positively charged amino groups of the
dye.

Circular principles: recover, regenerate, reuse

The developed sorbent demonstrated excellent reusability, achieving up to 93% desorption efficiency
following acetone immersion, while maintaining adsorption capacity across multiple cycles and with
various persistent dyes. These desorption assays confirmed that the magnetic beads can be efficiently
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recovered, regenerated, and reused without significant performance loss, underscoring their potential for
integration into circular wastewater treatment systems.

Moreover, heat treatment of spent beads at 700 °C can enable recovery of the spinel ferrite nanoparticles
from the composite beads. This recovery process highlights an important step in material reuse. This closed-
loop approach exemplifies the principles of circular chemistry by enabling recovery, regeneration, and
reuse of key materials in the recycling process.

4. Conclusions

This study proposes a practical and integrated solution to improve PET recycling, combining principles of
circular chemistry and design thinking. The newly developed spinel ferrite catalysts effectively break down
both transparent and colored PET into valuable BHET monomers, offering a scalable and environmentally
friendly chemical recycling method. To address the issue of the liquid phase generated during glycolysis of
colored PET, bio-based magnetic composite beads were introduced as efficient dye adsorbents. These beads
show high adsorption capacity, spontaneous and exothermic dye uptake, and can be easily recovered,
regenerated, and reused.

A key advantage of the spinel ferrites is their dual role: they serve both as catalysts for PET
depolymerization and as magnetic components in the adsorbent beads. This allows for recovery and reuse
of materials, helping to close the loop and support circular economy practices.

Overall, this combined catalytic and adsorption systems contributes to more sustainable PET recycling by
lowering environmental impact, improving process efficiency, and supporting the development of circular
plastic value chains in line with EU policy goals. Future work will focus on optimizing the adsorption
system for the colored residual solutions from PET glycolysis.
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1. Introduction

The principle of DSC as thermal analysis technique is presented together with the different types of
instruments that are commonly used (power-compensation and heat-flux). In the conventional DSC
experiment, we measure heat flow versus temperature and time. Processes like glass transition,
crystallization, or melting, are measured by detecting differences in heat flow to a sample and reference
material by heating or cooling at a constant rate. AC calorimetry is a technique that measures the specific
heat capacity of a sample by measuring the heat flux generated when the sample temperature is periodically
oscillated; it has been used extensively as a method for measuring specific heat capacity.

2. Results and discussion

Modulated Temperature DSC (MT-DSC) is a technique that combines periodic temperature control
performed by AC calorimetry and constant rate temperature control performed by standard DSC
measurement. A comparison of DSC and MT-DSC techniques is presented: DSC uses a single linear
heating rate vs. MT-DSC which uses two simultaneous heating rates, linear and sinusoidal. The linear
heating rate in MT-DSC provides the same total heat flow as standard DSC. The sinusoidal heating rate in
MT-DSC permits separation of the total heat flow signal of DSC into two components: one called reversing
heat flow which includes heat capacity, changes in heat capacity and most melting, while the second
component, (called non-reversing / kinetic component) contains time-dependent transitions:

dH/ dt(tota]) = Cp dT/ dt(rev) + f(T,t)(non—rev)

First term of the above equation corresponds to heat capacity, glass transition and most melting processes;
the second term can be attributed to processes like enthalpic recovery, evaporation, crystallization,
thermoset cure, protein denaturation, starch gelatinization, decomposition and some melting. The raw data
in MT-DSC experiment are the time-dependent temperature of the sample (the two components combined)
and its corresponding oscillating heat flux. The total heat flow is obtained by performing contour integration
of the oscillating heat flow. Next, the heat capacity component is obtained by performing amplitude ratio
calculations of the heat flow signal and temperature signal using Fourier transform same as in AC
calorimetry. The kinetic component then is obtained by subtracting the heat capacity component from the
total heat flow.

Advantages of DSC (MT-DSC limitations): relatively fast, 20 °C/min average heating rate vs. MT-DSC
with an average heating rate of 3°C/min, relatively simple, provides single signal and requires only a few
experimental parameters vs. MT-DSC which uses three signals (but more than ten available) and requires
two additional experimental parameters: modulation period and modulation amplitude of the temperature.

Advantages of MT-DSC (DSC limitations): MT-DSC has two independent heating rates. The average
heating rates can be as low as necessary to achieve desired resolution, while the modulated rate can be kept
high to maintain sensitivity (with a single heating rate of DSC it is not possible to optimize sensitivity and

resolution in a single experiment). MT-DSC provides an almost perfect heat capacity baseline due to the
way the signal is calculated (real sensitivity to small transitions is limited by the straightness of the

103




Progress in Organic and Macromolecular Compounds 3
30t§e pris < . (MACRO lasi) 2025

baseline). MT-DSC greatly improves interpretation of the results because overlapping transitions can be
separated into different signals (DSC data is often difficult to interpret because multiple transitions can
occur in the same temperature range).

MT-DSC significantly improves the accuracy of the measurement of the initial crystallinity in semi-
crystalline samples. The DSC calculation of crystallinity is often wrong (too high) because DSC fails to
detect ongoing crystallization as the sample is heated. MT-DSC continuously measures heat capacity as
well as heat flow. This makes possible to measure how the heat capacity of a material is changing during a
reaction such as thermoset cure, crystallization, protein denaturation, starch gelatinization. It is
recommended that new samples to be first analyzed by DSC then switch to MT-DSC when you need any
of its advantages.

Results obtained using current MT-DSC are strongly dependent on modulation period and heating rate:
long periods and low heating rates are necessary. Tzero (TM) technology developed by TA Instruments
greatly reduces period and heating rate dependence. Tzero DSC gives independent sample and reference
heat flows:

qs = ATo/R, - C, dTy/dr
4= (AT - AT)/R, — C; (dTy/dt - dAT/dr)

The two signals are deconvoluted separately. The reference reversing and non-reversing heat flows are
subtracted from sample corresponding signals.

Most common applications of MT-DSC are presented: the heat capacity of a material is the result of
molecular motion within the material. If the heat capacity increases during a transition, the transition results
in an increase in molecular mobility. Since heat capacity (J/g) is a function of sample weight, a decrease in
weight should cause a decrease in Cp. By being able to measure heat capacity and heat flow at the same
time, MT-DSC provides significantly more information than DSC, which can only measure heat flow.
Examples: the molecular mobility (heat capacity) of epoxy resins decreases as the result of crosslinking but
in the case of corn starch gelatinization (1% heat), the same parameter increases.

Regarding the reversibility of the transitions: MT-DSC separates the total DSC flow into two parts that
does and does not respond to a change in heating rate; MT-DSC applies two heating rates; the linear heating
rate provides the equivalent to DSC while the modulated (changing) heating rate permits the simultaneous
measurement of the heat capacity component of the total heat flow. In general, only heat capacity and
melting respond to the changing heating rate. Although heat capacity is a reversible thermodynamic
property, the change in heat capacity during a transition is almost never reversible. The reversing and non-
reversing signals of MT-DSC should never be interpreted as the measurement of reversible and non-
reversible properties.

The frequency effect of MT-DSC: the frequency of its inverse, the modulation period, is an experimental
parameter that controls the frequency of the experiment. The glass transition is the result of macromolecular
(large scale) motion in a material. This is a co-operative motion between the molecules and therefore takes
time (seconds). Because of the time required for macromolecular motion, the glass transition shifts to higher
temperatures as the frequency of the experiment increases. The total signal of MT-DSC is calculated from
the average value of the modulated heat flow signal which is only function of the average heating rate.
Therefore, the heat flow value of the total signal does not change with frequency and the glass transition
temperature does not change with the modulation period.

The reversing signal is calculated from the amplitude of the modulated heat flow signal, the glass transition
seen in the reversing signal is frequency dependent and shifts to higher temperatures as the modulation
period is shortened.
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The non-reversing signal of MT-DSC is calculated by subtracting the reversing signal from the total signal,
therefore in the region of glass transition, the non-reversing signal shows any enthalpic recovery in the
sample and additional heat flow which is only the result of different response of the total and reversing
signals to the modulation period. In order to calculate an accurate value for enthalpic recovery, it is
necessary to correct for the frequency effect.

This is done in two ways: a) quench cool to at least 50 °C below Tg and run the sample under the same
conditions as the original (aged) sample; subtract the area of the peak in the quenched-cooled sample from
the area of the peak in the aged sample, b) cool the sample from a temperature above Tg and measure the
area of the peak in the non-reversing signal; subtract this area from the area on heating of the aged sample.
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1. Introduction

Cancer is the second leading cause of death globally, exerting tremendous physical, emotional, and
financial strain on individuals and families. Despite ongoing improvements in cancer therapy, the number
of people affected by this devastating disease is increasing. Due to the unsatisfactory clinical results, new
therapeutic approaches are urgently needed.

Cold atmospheric plasma (CAP) holds a promising perspective of becoming a new type of oncological
therapy. CAP is used to treat a liquid that is transferred after irradiation to the treatment target, such as
cancer cells or tissues [1-3]. The newly generated chemically active species in plasma induce a selective
cytotoxic effect on cancer cells. Therefore, the plasma-activated liquids (PAL), as well as the development
of drug delivery systems using these liquids to improve the bioavailability, provide a foundation for clinical
applications to enhance selectivity during therapy, offering patients a more effective and less harmful option.

Cyclodextrins, nontoxic cyclic oligosaccharides with a lipophilic cavity and a hydrophilic outer surface, have
aroused great interest because of their ability to interact with a large variety of guest molecules to form
noncovalent inclusion complexes [4].

In this study, we present a method for structural modification of (2-hydroxypropyl)-p-cyclodextrin (HPbCD)
by plasma for a selective cytotoxic effect on cancer cells. The antitumor effect of cold atmospheric plasma-
activated HPbCD solution (PA-HPbCD) on breast cancer cell lines (MCF-7) and its selectivity in killing
these cells, compared to non-tumorigenic epithelial cell lines (MCF-10A), was investigated. The structural
characterization of the PA-HPbCD, as well as the formation of chemical compounds in plasma and reaction
pathways, was analyzed.

2. Experimental

Plasma was ignited between stainless steel electrodes using a 60 Hz pulse power supply (Fuji Co., Ltd.,
Aichi, Japan) in argon gas. A quartz dish was used to irradiate 8 mL of a solution of 2-hydroxypropyl)-f-
cyclodextrin solution (HPbCD) (24 mM). The plasma irradiated samples were investigated by LC-MS/MS
and HPLC-RI, while the effect on the normal (MCF-10A) and cancer cells (MCF7) was tested by MTS
assay. The analysis methods are presented in detail elsewhere [2]. Particle size and zeta-potential were
investigated using an Otsuka Electronics particle size & zeta-potential analyzer.

3. Results and discussion

Cell viability was tested on the non-tumorigenic epithelial cell line (MCF-10A) and breast cancer cell line
(MCF-7) by MTS assay. The plasma-treated solutions (T) were up to 16 times diluted in medium DMEM
(-). The control sample (Ctrl) was incubated with the DMEM (-). The cells were also incubated with the
untreated HPbCD (U). The MTS assay results showed that both types of cells were entirely killed when
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incubated with untreated, plasma-treated, 1-fold, and 2-fold diluted samples when Ar gas was used in the
discharge (Figure 1). A good selectivity was obtained for the 4-fold diluted samples, the MCF-7 being
almost entirely killed (viability of ~ 12.42 + 3.3), while the MCF-10A cells were unharmed. The mechanism
responsible for this selectivity may involve the reactive species (RONS) formation in plasma, but also some
other chemical compounds derived from the chitosan precursor under plasma irradiation, further
investigated by LC-MS/MS.
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Figure 1. MTS assay of MCF-10A and MCF-7 cell lines incubated with untreated (U) and
argon plasma-activated HPbCD undiluted (T) and diluted up to 16-fold in DMEM (-).
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Figure 2. Mass spectra of (a) control HPbCD and (b) enlarged region of mass spectra
for the control and argon plasma-activated HPbCD (1100 Da - 1800 Da).

The IDA TOF-MS ion scan mode for the control and plasma-treated solutions gave precursor molecular
ions representing HPbCD [CssH 102039 -H]', m/z 1353.49 Da, and fragments formed in the ESI process in
the range of 600 Da — 900 Da (Figure 2a and b). The mass spectra of control sample shows that
fragmentation led to neutral loss of 46 Da (COOH) and 58.04 Da (C3HeO), and 17 Da (OH) (Figure 2a).
The typical fragmentation of cyclodextrins proceeds through scission of the 1,4-glycosydic bonds between
glycoside units to yield linear fragments with 162 Da (the mass of one glycoside unit) sequence [5]. The
mass spectra of the plasma-treated samples look almost same; however, it can be clearly seen that one unit
from the HPbCD structure (m/z 1179.37) could not be identified (Figure 2b). This implies that the precursor
compound was modified in plasma and several other chemical structures were formed. The concentration
of HPbCD samples decreased after plasma irradiation (Table 1). New compounds, such as beta-
cyclodextrins ([C42HeoOss — H]!, m/z 1133.58 g/mol), 2,3 dihydroxy-beta-cyclodextrin (m/z 1391.6), 2,3,4-
trimethylllevoglucosan ([CoHi6Os -H], m/z 204.09), glucose ([CsH120s-H], m/z 179.04), alpha-keto-
glutaric acid ([CsHeOs -2H]!, m/z 142.89), were identified in the mass spectra, and may be responsible for
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the selective cytotoxic effect on cancer cells. The zeta-potential measurements showed positive values after
the plasma treatment (Table 1), indicating an increased dispersion stability of the particles formed in
plasma. Superficial groups formation with positive charges on the particles that tend to repel each other,
leading to greater stability of the dispersion.

Table 1. Concentration and zeta-potential of control and plasma-activated HPbCD.

Sample Concentration [mM] Zeta potential [mV]
Control 24.01 -1.5
Ar 20.42 11.65

4. Conclusions

The selective antitumor effect of argon plasma-treated 2-hydroxypropyl-beta-cyclodextrin was present for
MCF-7 cancer cells, leaving the normal MCF-10A cells unharmed, as a consequence of chemically active
species formation in the discharge. Therefore, the plasma-activated liquids provide a foundation for
clinical applications of combinatorial chemistry to enhance selectivity during therapy, offering
patients a more effective and less harmful option.
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1. Introduction

Materials with broadband light absorption have gained significant interest due to their capability to
effectively absorb light through a wide spectral range. Their remarkable physical and chemical properties
make them promising candidates for various applications, including biotechnology [1,2]. While an ideal
blackbody is an broadband photoabsorber that theoretically absorbs all incident light regardless of
wavelength and polarization, real materials exhibit an absorption behavior determined by their composition
and structure [3]. Attaining such an ideal blackbody absorber remains a challenge, although recent advances
in the design of gold nanoparticle assemblies that closely mimic this behavior have brought closer to this
goal. These black gold nanostructures utilize collective plasmonic effects to overcome the inherently
narrowband response of individual nanoparticles, providing a promising route toward highly efficient
optical absorbers.

Numerous synthesis strategies have been developed to produce black plasmonic gold nanostructures. One
such method, described by Kwon et al., involves a one-step, high temperature process to obtain black Au
colloidal superstructures [4]. During synthesis, Au “superparticles” are formed by self-assembly of
individual Au nanoparticles formed in sifu, driven by solvophobic interactions between nanoparticles and
solvent. Alternatively, Dhiman et al. reported an approach for fabricating black Au plasmonic
colloidosomes by depositing individual Au nanoparticles onto dendritic fibrous nanosilica. The spacing
between the particles within the resulting structure was precisely controlled by a cycle-by-cycle growth
method [5]. This assembly exhibits broadband absorption in the entire visible and near-infrared range, due
to the interparticle plasmonic coupling — through the formation of "hot spots" — and the heterogeneous size
distribution of the Au nanoparticles. However, whether template-based, high-temperature, or
electrochemical, these methods often involve complex, multi-step processes or specialized equipment,
which limit scalability and reproducibility.

Although black gold nanostructures have been successfully demonstrated in various studies, achieving a
straightforward, one-step synthesis of colloidal plasmonic black gold remains a considerable challenge

2. Experimental

For the obtaining of black aggregates of Au nanoparticles, a matrix, composed of guanosine, benzene-1,4-
diboronic acid (BDBA), lithium hydroxide (LiOH) and dextran, was prepared using adapted protocols [6,7].
Next, in the previously prepared solutions different volumes ranging from 100 pL to 400 pL of chloroauric
acid (HAuCl4) (1%) were added and the final reaction volume was adjusted at 2 mL with ultrapure water.
Then, 25 pL of NaOH (1M) were added, followed by stirring and heating the mixture at a temperature of
100 °C until a black suspension forms (about 5 minutes). Finally, the gold nanoparticles were washed twice
with ultrapure water and separated by centrifugation (10000 rpm, 30 min). Nanoparticles used in subsequent
experiments were redispersed in 500 pL of ultrapure water. Various analysis techniques, such as UV-Vis
spectroscopy, transmission electronic microscopy and FTIR spectroscopy, were applied to investigate the

structural and chemical properties of the obtained Au aggregates solutions. Photothermal performance was
evaluated under NIR-II excitation (1064 nm, 0.8 W cm?) for gold assemblies. The cytotoxicity was
evaluated by exposing melanoma cells (MeWo) to different concentrations of gold assemblies for 48 hours.
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SERS (Surface Enhanced Raman Scattering) measurements were performed using methylene blue as model
analyte.

3. Results and discussion

The present study describes a straightforward synthetic strategy involving the formation of Au-guanosine
supramolecular structures that lead to the formation of gold nanoaggregates, with an intense and uniform
absorption in a wide visible-NIR spectral range (Figure 1a) and high photothermal conversion efficiency
(Figure 1b). The process implies the use of dextran-guanosine-BDBA matrix that at temperatures of 100
°C allows obtaining compact monodispersed Au aggregates with dimensions of about 50 nm.
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Figure 1. a) UV-Vis absorbance spectra of Au aggregates at different concentrations of HAuCls (100—
400 pL); b) Photothermal heating curves of Au assemblies at 1064 nm laser irradiation

(1 W cm™); ¢) Luminescence-based viability of MeWo cells after 48-hour exposure to Au solutions
(12.5-100 pg/mL); d) SERS spectra of the methylen blue molecule, using A=633 nm.

Evaluation of the photothermal conversion performance and aqueous dispersion photostability of the
obtained supramolecular Au assemblies reveals an increase of 30 °C compared to the ambient temperature
for a power density of the incident laser radiation of 1 W/cm? and a stable, reversible temperature response
without significant loss of heating capacity.

To evaluate the cytotoxicity of Au assemblies, melanoma cells (MeWo) were exposed to varying
concentrations for 48 hours. Cell viability was evaluated using the CellTiter-Glo assay, which quantifies
cellular ATP levels through luminescence. Cell viability remained above 80% at 50 pg/mL but decreased
to ~70% at the highest tested concentration (100 ug/mL), indicating a cytotoxic effect at higher doses.

The Au assemblies are a promising candidate for SERS detection because a large number of “hot spots”
could be generated between adjacent close-packed individual gold nanoparticles. Herein, methylen blue
was selected as the probe molecule to characterize the SERS performance of Au assemblies. Figure 1d
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shows the SERS spectra of methylen blue solutions with different concentrations (107 to 1078 M) measured

in the presence of Au assemblies. Even for 10~ M methylen blue solution, the characteristic peak at 1623
cm! can be clearly distinguished on obtained SERS spectrum, indicating that Au assemblies exhibits high
sensitivity as a SERS substrate.

4. Conclusions

The proposed approach enables the preparation of black plasmonic gold assemblies using a guanosine—
BDBA-—dextran template, yielding nanostructures with strong and uniform absorption in a wide visible-
NIR spectral range, along with enhanced photothermal performance. Cytotoxicity evaluations confirmed
the biocompatibility of the obtained nanostructures. The rapid and straightforward synthesized
nanostructure with high photoconversion efficiency could be exploited in various photothermal applications
and constitutes an important step towards the advancement of alternative methods of developing new
materials and technologies, particularly where controlled light-induced effects are needed.
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1. Introduction

Plasma-activated Ringer’s lactate (PAL) solution, produced by plasma irradiation of Ringer’s lactate
solution has shown the potential to provide novel cancer therapeutic applications, alongside conventional
therapies. Plasma generated in a gaseous mixture at an atmospheric pressure is easily and abundantly
producing highly reactive species such as reactive nitrogen and oxygen species as well as plasma-activated
organic species. It is well known that this kind of species has a significant effect for biomolecules including
induction of the cell death or cell proliferation. Among various applications, PAL has selective anti-tumour
effects compared to normal cells. To date, the effort of elucidating the mechanism including identifying
selective anti-tumour agents and analysis of a biomolecule reaction is ongoing. As one of these efforts, it
was reported that autophagy is induced by PAL on the cell death pathways [1]. The autophagy is one of the
proliferation systems for cancer cells induced by the degradation of components in cells such as damaged
organelles and proteins. It is expected that anti-tumour effects using PAL improve if the autophagy is
suppressed in cancer cells. In this study, investigations of the autophagy induction condition were
conducted, and the generation of an autophagy-inducing compound was discussed.

2. Experimental
Preparation of PAL solution

The PAL solution was prepared by irradiating Ringer’s lactate solution (Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan) with atmospheric pressure plasma. The plasma source used in this study was the same as
that developed in our previous work [2]. Plasma irradiation was conducted within a metal chamber (FUJI
Corporation, Aichi, Japan) equipped with a controllable gas composition system.

Cytotoxicity evaluation by MTS assay

MCF-7 human breast cancer cells were cultured in DMEM with 10% FBS and 1% penicillin/streptomycin
under 5% CO- at 37 °C. To assess the effect of PAL solution on cell viability, 5000 cells were seeded and
treated with PAL for 2 hours. After a total of 24 hours of culture, viability was measured using the Aqueous
One Solution assay. Six replicate wells were used per PAL dilution for statistical analysis via Welch’s t-
test.

Protein expression analysis

LC3B (Cat. #3868; Cell Signaling Technology, Massachusetts, USA) expression was tested at 6 h after
start of PAL treatment as an autophagy expression marker. The primary antibodies used for immunoblotting
were against AKT (Cat. #4691; Cell Signaling Technology, Massachusetts, USA) and phosphorylated Akt
(p-AKT) (Serd73) (Cat. #4060; Cell Signaling Technology, Massachusetts, USA). Antibodies against Actin
(Cat. #ab179467; Abcam) were used as protein-loading controls.
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Components analysis

LC-MS/MS was performed using a SCIEX X500 QTOF with an ESI source in negative-ion mode.
Separation used a 150 mm X 2.1 mm, 5 um column at 40 °C with a flow rate of 0.20 mL/min and a 10 min
run time. Data were acquired in IDA mode, automatically conducting MS/MS at two energy levels to
identify unknown compounds based on mass and fragmentation. HO- concentration in PAL was measured
using a digital pack test device and a chemical probe for hydrogen peroxide (WAK-H:0:(C), KYORITSU
CHEMICAL-CHECK Laboratory Corp., Kanagawa, Japan).

3. Results and discussion

To evaluate MCF-7 cells cytotoxicity by PAL solution, an MTS assay was conducted as shown in Figure
1(a). The cell viability was decreased under the conditions up to 1/64x dilution. To examine autophagy
induction, expression of LC3B, which is a membrane component of autophagy-related protein, was
investigated as shown in Figure 1(b). Even if LC3B was strongly expressed under higher concentration
conditions, its expression was also observed under the lowest concentration condition. In addition, p-AKT
was expressed for the 1/64x and lower diluted samples, although its expression was reduced at 1/32x, as
shown in Figure 1(c). The trend of p-AKT expression corresponds to the cell viability results. Furthermore,
co-expression of LC3B and p-AKT was observed even though they are known to be inversely correlated
[3]. These results suggest that PAL can induce autophagy-related protein expression even under non-
cytotoxic conditions, supporting cell survival through co-expression of LC3B and p-AKT.
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Figure 1. Cell response analysis. (a) cell viability at 24 h after start of PAL treatment;
(b) the intensity from LC3B at 6 h, and (c) the expression of p-AKT and AKT at 6 h.

To explore the molecular basis of this effect, identification of autophagy inducers is ongoing. One such
candidate is 2,3-dimethyltartrate which has the potential to induce cell death and autophagy [2]. It is
important to generate this component at levels exceeding the threshold for inducing cell death. Fig. 2(a)
and (b) showed extracted ion chromatograms of 2,3-dimethyltartrate identified in PAL solution under Ar/O»
and Ar/N»/O; gas conditions, respectively. The concentration was 6.9 pM and 9.0 uM, respectively. It is
suggested that N»-related active species play a role of enhancing the generation of 2,3-dimethyltartrate.
Oxidation process by *OH and H,O: is needed on the generation pathway of 2,3-dimethyltartrate [4].
Nitrogen atom can induce *OH [5], and it is possible that the -OH derived from nitrogen atoms enhance
the formation of H,O, (Figure 2(c)). Although nitrogen-related reactive species do not directly participate
in the formation of 2,3-dimethyltartrate, they have been shown to contribute to its increased production by

promoting the generation of - OH, which are essential for the reaction pathway.
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Figure 2. Synthesis of autophagy inducers under different gas conditions was evaluated;
extracted ion chromatograms of 2,3-dimethyltartrate formed in (a) Ar/O, and (b) Ar/N»/O; plasma; (¢)
H,O» concentrations measured in PAL.

4. Conclusions

PAL was shown to induce autophagy-related proteins even under non-cytotoxic conditions, suggesting its
involvement in cancer cell survival and treatment resistance. In addition, 2,3-dimethyltartrate was identified
as a potential inducer, and nitrogen-related reactive species were found to promote its formation through -
OH generation.
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1. Introduction

Food packaging significantly contributes to plastic pollution due to its slow decomposition rate [1].
Furthermore, conventional food labeling leads to avoidable waste, as products often remain safe beyond
expiration dates [2]. Another significant concern is that packaging materials are typically inert, indicating
that they do not impede microbial growth or prevent oxidative spoilage [3]. Traditional spoilage detection
methods are time-consuming and can’t be used for real-time monitoring [4]. In this context, colorimetric
pH indicators offer a straightforward way to assess food spoilage and are typically composed of a
biopolymeric matrix, a pH-sensitive dye and a cross-linker or immobilizing agent [5]. Recent research
favors natural, food-grade pigments like anthocyanins over synthetic dyes due to toxicity concerns [6].

Polysaccharides act as effective matrices for anthocyanin immobilization, but solvent casting, a common
fabrication method used for producing films can degrade anthocyanins and result in inconsistent
performance of the material and pigment leaching [7]. In this regard, polysaccharide-based hydrogel
systems offer enhanced versatility due to their high swelling, biodegradability, and good barrier properties
[8]. Cryogels, a subtype of hydrogels created through freeze-thawing, exhibit higher porosity, improved
mechanical strength and excellent elasticity [9]. The encapsulation of natural compounds such as
anthocyanins into polysaccharide-based cryogels afford multifunctional characteristics, including super-
absorbency, enhanced mechanical strength, improved antioxidant and antimicrobial properties and pH-
responsiveness.

This study explores the development of xanthan gum (Xn)-based cryogels incorporating anthocyanin-rich
bilberry (BLB) extract for real-time monitoring of Prussian carp (Carassius gibelio) spoilage [10].

2. Results and discussion

The first stage of the study aimed to obtain and characterize polyphenolic extracts from three berry species
known for their high anthocyanin content: bilberries (Vaccinium myrtillus L., BLB), blackcurrants (Ribes
nigrum L., BKC) and blackberries (Rubus fruticosus L., BBB and BBS) [11]. Chemical and
chromatographic methods, as well as in vitro antioxidant activity assays were used. The stability of the
extracts was also evaluated over time and across different pH levels. The phytochemical analysis showed
that the BLB extract exhibited the highest polyphenolic content, featuring a rich profile of flavonoid
glycosides (e.g., rutoside, hyperoside, etc.), phenolic acids (e.g., chlorogenic acid), and anthocyanins (e.g.,
cyanidin-3-glucoside, C3G). The in vitro antioxidant activity of BLB extract demonstrated its strong
scavenging ability, achieving over 80% inhibition of 2,2-diphenyl-picryl-hydrazil (DPPH) after 5 minutes.
Given the limited stability of the BLB extract in aqueous solutions—varying from 2 to 12 days depending
on pH—encapsulation within polymeric matrices was considered essential to preserve its bioactive
properties.

Therefore, the second part of the experimental work focused on the development and characterization of

hybrid systems based on Xn and the BLB extract [11]. To assess the impact of formulation strategy and
composition on the properties of the resulting biomaterials, Xn/poly(vinyl alcohol) (PVA) cryogels were
obtained by freeze-thaw cycles. Chemically cross-linked Xn-based cryogels with 1,4-butanediol-diglycidyl
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ether (1,4-BDGE), dried either by freeze-drying or in the oven were also prepared.

The successful incorporation of the BLB extract was confirmed by FTIR analysis. SEM analysis revealed
a porous morphology in the case of freeze-dried cryogels whereas oven-dried samples showed a continuous
structure, indicating that oven drying led to the collapse of the pores formed by cryogelation. The average
pore sizes and pore wall thicknesses were dependent on material composition. Increasing the extract content
resulted in more compact pore walls and a significant decrease in the average pore size. These changes are
directly linked to the increased density of physical interactions determined by the polyphenolic compounds
present in the BLB extract. Increasing the amount of the BLB extract in the biomaterial formulation
influenced their mechanical properties. In freeze-dried cryogels, this resulted in network stiffening, and
enhanced compressive strength. The double-cross-linked matrices exhibited even higher compressive
strength values due to the additional reinforcement provided by chemical cross-linking. Furthermore, the
incorporation of the extract increased the hydrophobic character of the cryogels, as reflected by the rise in
contact angle values, and reduced the swelling ratio.

The Xn-based biomaterials were able to preserve the antioxidant activity of the BLB extract. Additionally,
the presence of the extract significantly enhanced the antibacterial activity of the materials, achieving 100%
inhibition against standard strains of Salmonella typhimurium, Escherichia coli, and Listeria
monocytogenes. Another key finding was the improved stability of the extract following its incorporation
into Xn-based biomaterials. This was evidenced by the relatively constant values of the colorimetric
parameters observed over 42 days under acidic or alkaline pH conditions, and up to 50 days under ambient
conditions.

The chemically cross-linked cryogel showed a rapid colorimetric response (within < 1 h) and a detectable
color change (AE > 5) upon exposure to ammonia concentrations ranging from 50 to 200 ppm (Figure 1A)
demonstrating its potential as a freshness indicator for protein-rich foods.
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Figure 1. (A) Color difference (AE) after one hour of exposure to ammonia vapors of
various concentrations; (B) color reversibility of the cryogel under alternating exposure to alkaline and
acidic vapors; visual appearance of cryogel, pH indicator paper, and Carassius gibelio before (C, E) and
after storage: 24 h at 25 °C (D) and 4 days at 4 °C (F). Adapted from ref. [11]

Additionally, the tested cryogel displayed reversible color changes: from pink to blue upon exposure to
ammonia vapors, and back to pink when exposed to acetic acid vapors (Figure 1B). This reversible behavior
was maintained even after four consecutive exposure cycles to acidic and alkaline conditions, confirming
its recyclability and chromogenic stability. When the cryogel was placed in contact with two Carassius
gibelio (Prussian carp) specimens — stored either for 24 h at 25 °C or for 4 days at 4 °C, a visible color
change from pink to blue was observed attributed to the pH change of environment due to the diffusion of
volatile amines released by the decaying meat (Figure 1C-F).




5 Progress in Organic and Macromolecular Compounds
(MACRO lasi) 2025 - . 20" z et

4. Conclusions

In summary, the bilberry extract was effectively entrapped within physically or double cross-linked Xn-
based biomaterials. These hybrid biomaterials demonstrate a combination of mechanical strength, structural
integrity, and multifunctional properties—antioxidant, antimicrobial, and chromogenic—underscoring
their potential as pH-sensitive sensors for advanced food packaging solutions.
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1. Introduction

Chitosan is among the most important polysaccharides due to its versatility based on functional groups,
which attract great interest in material science, medicine, pharmacy, engineering, etc. [1]. Chitosan
complexation with proteins, is a process that gets significant attention in the research field due to its
potential application as drug delivery systems with release controlled by medium stimuli (pH, ionic
strength, temperature, etc.) [2,3]. This study presents the interaction of a model protein, human serum
albumin (HSA) and grafted chitosan (Chit) with a RAFT polymerized poly(N-isopropylacrylamide)
(PNIPAM). The main goal of the study was the understanding of the assembly process under various
conditions, such as mixing order and molar ratio of the components, as well as the behaviour of the obtained
Chit-g-PNIPAM/HSA complexes under modification of temperature.

2. Results and discussion

The effect of Chit-g-PNIPAM concentration, pH, temperature and ionic strength of the medium on the
turbidity and rheological properties (viscosity) of solutions has been studied below and above copolymer
lower critical solution temperature (LCST) [3] (Figure 1).
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Figure 1. The turbidity (a) and viscosity (b) measurements of Chit-g-PNIPAM solution as a function of
temperature.

The change in turbidity was measured as a function of temperature changes (Figure 1a), followed by a
repeated cooling sequence, the Chit-g-PNIPAM concentration being kept constant (3.2 mg/mL). The initial
turbidity has been generated by the collapsed chains, followed by a relative plateau region during cooling
until 40 °C. Around LCST, the copolymer suspension presented an increase in turbidity, this fact being
attributed to the swelling process of the previously formed Chit-g-PNIPAM nanoparticles. The fast
solubilization process of the polymeric chains took place immediately after the spike. The shear viscosity
was registered at high shear rate (10 — 100 1/s) as a function of temperature (25 — 50 °C). It was observed
that the viscosity increased at temperatures situated around LCST, followed by a decrease with further
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increase of temperature (Figure 1b). Therefore, LCST transition (changing of chains conformation due to
the increase of hydrophobic interactions between the PNIPAM isopropyl groups) could be considered a
transition between Newtonian and non-Newtonian (shear-thinning) behavior. Two series of complexes,
[Chit-g-PNIPAM]s/[HSA]x and [HSA]100/[ Chit-g-PNIPAM ] have been prepared by the dropwise addition
of the titrant at different molar ratios between components (5:x and 100:x) calculated based on their average
molar masses (Musa = 66,000 g/mol and Mchieg-pnipam = 204,700 g/mol) (Scheme 1).
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Scheme 1. Hybrid nanostructures obtained by mixing Chit-g-PNIPAM with HSA (A) and HSA with
Chit-g-PNIPAM (B).

In the first series of experiments (Scheme 1A), the Chit-g-PNIPAM/HSA complexes were formed by
progressive immobilization of HSA protein molecules by Chit-g-PNIPAM chains, the complexes size
increasing with HSA content. At the molar ratio [Chit-g-PNIPAM]:[HSA] = 5:15, the formed complexes
are stable in time with a size of around 200-500 nm (Figure 2).
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Figure 2. Particle size distribution as a function of temperature (a) and stability in time (b).

In the second series (Scheme 1B), the HSA/Chit-g-PNIPAM complexes agglomerated in large size
aggregates (~600 nm) at a very low content of copolymer (100:2), this fact being attributed to the larger
size of Chit-g-PNIPAM compared with protein macromolecules (Figure 3).
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[HSA[[Chit-g-PNIPAM] = 100:2 [HSAJ:[Chit-g-PNIPAM] = 100:30

Figure 3. Particle size number distribution (%) as function of temperature (25 — 37 °C) at two molar
ratios of components.

During further increase of Chit-g-PNIPAM concentration in the aqueous system ([HSA]:[Chit-g-PNIPAM]
= 100:30), the newly introduced Chit-g-PNIPAM chains act like a macromolecular cross-linker, with the
already formed HSA/Chit-g-PNIPAM complexes, producing flocs at micrometer size. The suspension
stability was very low, with a large amount of sediments/coacervates being observed.

3. Conclusions

The Chit-g-PNIPAM chains and HSA macromolecules have been used to obtain protein/copolymer
complexes. The aqueous solutions of the Chit-g-PNIPAM solution exhibited thermo-responsiveness, due
to the PNIPAM side chains, with a LCST value at around 31-33 °C. The rheological parameters were
influenced by the copolymer LCST value, with viscosity increases and decreases, before and after the LCST
value, respectively. The order of component addition and the molar ratio influenced the size of the formed
complexes.
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1. Introduction

Native to Malaysia’s tropical rainforests, Baccaurea species are wild fruit trees widely recognized as
traditional healing plants. In the last years, these species have gain interest due to their rich composition in
a diverse type of bioactive compounds such us tannins, terpenoids, glycosides, phenols, flavonoids,
alkaloids, volatile and fixed oils, carotenoids etc. [1]. While these compounds possess various therapeutic
and healing properties, their stability and bioavailability in biological/physiological media are in general
limited due to their susceptibility to oxidative degradation and their intrinsic hydrophobic nature [2].
Moreover, the extraction procedures of these bioactive compounds have a hindered feasibility since the
process presents low product yield, e.g. for essential oils the extraction yield is approximately 0.35 % [3].
Considering these limitations, the incorporation of Baccaurea biomass as bioactive filler into aqueous
polymeric systems represents a valuable approach [4]. It is well known that the vegetal biomass has a
complex composition, therefore very difficult to accurately determine the exact bioactive compounds.
Baccaurea biomass is also reach in volatile bioactive compounds, contributing to the overall bioactivity of
the material. Hence, determination of the volatiles composition by pyrolysis-gas chromatography—mass
spectrometry (Py-GC-MS) analysis can be successfully applied to obtain information about the bioactive
compounds found in the biomass material. One of the targeted properties of the biomaterials is in general
the antioxidant activity, alongside to the antimicrobial one. Baccaurea plants powders were incorporated
into polymeric matrices based on chitosan and gelatin (CS/G) to exploit the potential of plants in their raw
state and to improve their bioavailability and stability.

The current work presents the determination of volatile composition by Py-GC-MS and preparation of the
biocomposite hydrogels based on chitosan/gelatin loaded with Baccaurea biomass powders. Three different
species of Baccaurea trees, namely yellow B. macrocarpa (Bmy), white B. macrocarpa (Bmw) and B.
angulata (Ba) were examined in this study. The main focus was on the evaluation of the antioxidant activity
and the selection of the most bioactive biocomposite system.

2. Experimental

Fruits and leaves of Bmy, Bmw and Ba species were collected from Sarawak, Malaysia’s forests, rinsed,
air-dried, grinded, and stored in dark for further analysis. Sample codes are given in Table 1. The
antioxidant capacity of bioactive compounds from Bmw, Bmy and Ba powders was evaluated using the
DPPH assay. The experimental protocol was performed in two manners. One approach involved the direct
contact of the plant powders with DPPH solution and the other one the preparation of an extract of the plant
powders and its reaction with the DPPH solution. To validate the DPPH results, the ABTS test was also
performed for the Baccaurea methanolic extracts. The release of light volatile compounds was determined
by Py-GC-MS under the temperature program of 80 °C for 10 minutes. The polymeric matrix used as

support for plant powders consisted in a hydrogel composite based on chitosan, gelatin and bentonite.
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Table 1. Baccaurea plant species and their sample codes

e

B. macrocarpa white B. macrocarpa yellow B. angulata

Bmw

3. Results and discussion

The antioxidant activity was tested by solvent extraction and direct contact with DPPH. The impact of
different solvents (methanol, ethanol, PBS) on the in vitro antioxidant activities of Baccaurea extracts was
evaluated. Figure 1 represents the UV-Vis spectra showing the antioxidant activity against DPPH of
Baccaurea powder extracts in three different solvents. The methanolic extract of powders was identified as
having the highest antioxidant activity, followed by the ethanolic and PBS extract. Comparing the
antioxidant activity of the three Baccaurea plant powder (fruits and leaves), fruits powder of white B.
macrocarpa (Bmw F) has registered the most increased values.

(2] Methanolic extract Sample RSA% (b) Ethanalic extract Sample RSA%
——BmwF 77 _ ——BmwF 44
—BmyF 75 2 —BmyF 25
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517 —Ba 2
——Control 2 mL DFFH+ —— Control 2 mL DFPH+

ml MeOH

Absorbance, a.u
Absorbance, a.u.

=)

T T T T T
50 500 580 800 840 00 50 800 300 350 400 450 E0D 560
Wavelength, nm Wavelength, nm
20

(©) PEBS extract Sample  RSA%
——BmwF 13
——Bmy F 13
——BaF 7
——Bmw 9
——Bmy 12
—Ba 6
—— Control 2 mL DFFH=+
1mL PBS

Absorbance, a.u.

0.0 T T T T T T T
00 350 400 450 500 550 €00 850 700 750 800
Wavelength, nm

Figure 1. UV-Vis spectra of Baccaurea plant extract in methanol (a), ethanol (b), and PBS (c) in reaction
with DPPH solution.

A similar trend was observed in the ABTS assay for the methanolic extracts, noticing also that ABTS values
were considerably lower than their corresponding DPPH results. The DPPH assay that involves the direct
contact of plant powder with the DPPH solution exhibited the highest antioxidant activity expressed as
percentage radical scavenging activity (RSA %). The extract from B. angulata leaves seemed to behave
differently from the fruit of the same species, showing values comparable to those of B. macrocarpa fruits.

Powder loaded xerogel materials could be used in various applications involving the release of bioactive
compounds. To evaluate the retention of bioactive compounds by the polymeric matrix, the antioxidant
activity was evaluated in methanolic extraction medium. Was observed that Baccaurea plant powders
impart antioxidant activity to the CS/G polymeric matrix, although less active than the biomass powders.
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This behavior could be due to the strong entrapment of Baccaurea powder in the xerogel matrix. The
methanolic extract of xerogel loaded with BmwF powder exhibited the highest antioxidant activity among
the tested Baccaurea extracts. The radical scavenging activity of B. macrocarpa fruits and leaves powders
determined in direct contact with the DPPH solution was lower when comparing with the loaded CS/G
xerogels. These enhanced values might be attributed to the presence of the clay component within CS/G
xerogels which has the ability to preserve the antioxidant activity of the system acting as a protective
stabiliser [5].

4. Conclusions

The antioxidant activity was tested on powders and loaded xerogels by solvent extraction (methanol,
ethanol and PBS for powders and methanol for xerogels) and by direct contact assays. Fruits of B.
macrocarpa displayed the strongest antioxidant activity in vitro, while the leaves of B. angulata showed
the lowest antioxidant activity. Incorporation of Baccaurea powders into the CS/G xerogels led to materials
with good antioxidant properties. Determining the most efficient extraction solvent in this study, could be
useful for both food and pharmaceutical industries in preparing bioactive compounds extracts from
Baccaurea powders. Volatile compounds, as terpenes and terpenoids, were identified into the Baccaurea
powders. The antioxidant activity results were well correlated with the pyrolysis—gas chromatography—
mass spectrometry data. This suggests that Py-GC-MS method can be useful as prescreening analytical
technique in facilitating biomass selection with high-value bioactive potential for targeted applications in
pharmaceuticals, nutraceuticals, and bioenergy applications.
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1. Introduction

Cancer is a leading death cause worldwide, as well as an important impediment toward increasing life
expectancy [1]. Even though cancer treatment has greatly improved in the last decades, this disease is still
a major health, social and economic problem. From a physiopathological point of view, cancer is a failure
of the regulatory mechanisms that control cell proliferation and differentiation. Since mitosis, the fifth phase
of cell division cycle, is dependent on the cell’s ability to polymerize tubulin into microtubules and to
synthetize new DNA chains, emerging therapeutic strategies aiming to disrupt the processes involving
tubulin and R2 ribonucleotide reductase (R2 RNR) have been considered in the last decades.

Latonduines (Figure 1a) belong to a group of alkaloids isolated from marine sponge Stylissa carteri that
have been shown to exhibit anti-proliferative activity. The presence of an indole ring system fused to other
heterocyclic rings and further expansion of the saturated ring to an eighth-membered heterocycle as in
indolo[2,3-e]benzazocines (Figure 1b) resulted in high cytotoxicity, while homologous indolo[2,3-
flbenzazonines (Figure 1¢) also show anti-proliferative activity [2].

Br Br R

L OO 73
NH

@ HN Ny (b N ©  yn—/

@) ” R=H, COOH ” 0

N
© H

Figure 1. Structures of latonduines (a), indolo[2,3-¢]benzazocine (b), indolo[2,3-f]benzazonine (c).

Aiming to further broaden the library of synthetic analogues of latonduines, design of new
indolobenzazocines suitably substituted to act as ligands in metal complexes was undertaken. An initial
computer modeling study examined the effect of several carefully selected substituents at different positions
on the tetracyclic ring system on their binding ability to colchicine binding site of tubulin for both the ligand
an its copper(Il) complex. Careful inspection of the information gleaned from this study suggested that a
methoxy substituent in benzene ring directly connected to the benzazocine fragment would be favorable,
and could improve both the activity and the affinity toward colchicine binding site. The present study details
the preparation of this new indolobenzazocine useful as a potential ligand for coordination to transition
metal ions.

2. Results and discussion

The synthetic approach toward this novel ligand generally followed the strategy reported in the literature
for the unsubstituted indolo[2,3-¢]benzazocine [2]. A retrosynthetic analysis showed that the assembly of
the novel methoxy-substituted ligand requires 2-(2-iodo-5-methoxyphenyl) ethylamine as one of the
starting materials. Because the aforementioned amine is not commercially available, its synthesis started
with the iodination with N-iodosuccinimide of commercial 3-methoxyphenylacetic acid (1) (Scheme 1),
which is activated for aromatic electrophilic substitution by the presence of a methoxy group. Under the
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conditions employed, iodination was directed primarily para to methoxy to afford compound 2, while small
amounts of an isomer having the iodo substituent in the less sterically hindered ortho position to the
methoxy group has also been produced. Product 2 was purified by recrystallization and further converted
into the corresponding methyl ester 3 that was sufficiently pure to be used in subsequent transformations.
The steps that follow aimed at creating the aminoethyl side chain in the structure of compound 7. Although
reduction of esters to primary alcohols usually employs anhydrous solvents and LiAlH4 as the source of
hydrogen, phenylacetic ester 3 could be converted into ethanol derivative 4 in the presence of methanol by
NaBH; as a less expensive and easier to handle reducing agent. In the next step, the hydroxyl group in
alcohol 4 was converted into the easily leaving tosyloxy moiety in intermediate 5. The isolation of pure
tosylate 5 required chromatographic separation to remove excess tosyl chloride and by-product N,N-
diethyltoluenesulfonamide. Replacement of the tosyloxy moiety with an azide function through
nucleophilic substitution occurred easily, affording azide 6 with good yields and satisfactory purity, as
evidenced by NMR spectroscopy. In the last step of the synthesis of 2-(2-iodo-5-
methoxyphenyl)ethylamine (7), the Staudinger reaction was successfully employed to generate the desired
compound, which was easily separated from the by-products using a simple extraction in an acidic aqueous
phase. Despite numerous steps in this first stage, only one chromatographic separation was required to
ensure low-cost access to amine 7 in batches up to 6-7 grams with a satisfactory total yield of 60%.

H300\©/\[( H3CO OR (c) cho\@\/ H3CO Haco
—
I \@[\/
| |
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H3CO H3CO H3CO
OoM-

E eom-N A
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12, X=S8 | 10, R, = EOM; R3 Boc
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Scheme 1. Reaction sequence for the synthesis of novel indolobenzazocine-based ligand 14. Reaction
conditions: (a) N-iodosuccinimide, acetonitrile, trifluoroacetic acid, rt, 20 h; (b) SOCl,, methanol, rt, 2 h;
(c) NaBHa4, methanol, tetrahydrofuran, reflux, 6 h; (d) 4-toluenesulfonyl chloride, triethylamine,
dichloromethane (DCM), 20 h, rt; (¢) NaN3, Nal, N,N-dimethylformamide (DMF), 80 °C, overnight; (f)
triphenylphosphine, diethyl ether, 0 °C, 3 h, then water, rt, overnight; (g) 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, DCM, 0 °C, 4 h, then rt, overnight; (h) di-tert-butyl
dicarbonate, 4-(dimethylamino)pyridine, dry acetonitrile, rt, overnight,; (i) palladium(II) acetate,
triphenylphosphine, Ag,COs, K,COs, dry DMF, 110 °C, 2 h; (j) IM HCI, 1,4-dioxane, 70 °C, 1 h; (k)
silica-P4S10, toluene, reflux, 2 h; (1) hydrazine monohydrate, chloroform, reflux, 3 h; (m) pyridine-2-
carboxaldehyde, ethanol, reflux, overnight.

The second stage of the synthesis of the ligand comprised the construction of the tetracyclic core structure
and its functionalization. The reaction sequence started with the condensation of amine 7 with acid A, which
was obtained as described in the literature [2] by N-alkylation of ethyl indole-2-carboxylate with
ethoxymethyl chloride followed by hydrolysis of the ester group. Amide 8 was conveniently recrystallized
to afford a pure material that was next subjected to protection of the nitrogen amide with a tert-

butoxycarbonyl group prior to the ring closure reaction. Open-chain protected amide 9 was then involved
in an intramolecular Heck-type palladium-catalyzed cyclization that generated the benzazocine eight-
membered ring in lactam 10. A molar excess of silver(I) carbonate was initially used in the process, as this
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reagent works both as iodine binder and as a base. High costs associated with this reagent and the difficult
removal of the resulting colloidal silver prompted us to examine its partial replacement with anhydrous
K»CO; as a base. As a result, the processing of the reaction mixture becomes more facile, and the yield of
the ring closure reaction was significantly improved. Besides NMR, single-crystal X-ray diffraction
confirmed the formation of the tetracyclic core in lactam 10 protected at both nitrogen atoms. Deprotection
of intermediate 10 through simultaneous removal of ethoxymethyl and tert-butoxycarbonyl groups using
reaction conditions employed for analogous compounds has resulted in modest yields of lactam 11, along
with copious amounts of by-products that presumably arise from the opening of the benzazocine ring.
Modification of the reaction conditions by slightly lowering the reaction temperature to 70 °C and
shortening of the reaction time to 1 h led to good yields of the desired lactam at the expense of the formation
of by-products. To enable the reaction with hydrazine hydrate, lactam 11 was first converted into thiolactam
12. While the use of Lawesson’s reagent according to a previously published procedure [2] afforded
compound 12 with modest yields after chromatographic separation, silica-supported P4Sio proved to be a
better thionation agent for substrate 11. Condensation of thiolactam 12 with excess hydrazine hydrate
produced pure hydrazone 13 with high yield, and subsequent condensation with pyridine-2-carboxaldehyde
gave the potentially tridentate Schiff base 14 with a total yield of the second stage of 31%. Synthesis of a
second tridentate ligand, homologous to compound 14, through condensation of hydrazone 13 with 1-
(pyridin-2-yl)ethanone is anticipated. Then, both these ligands will be used for the synthesis of Cu(Il),
Ni(I), Co(II), Fe(Ill) and Ru(IIl) complexes, and their anti-proliferative activity against a series of cancer
cell lines and effect on inhibition of tubulin polymerization and R2 RNR inhibition will be investigated.

3. Conclusions

The Schiff base ligand derived from indolobenzazocine and identified by in silico screening as being
capable of binding to the colchicine site in tubulin was successfully synthesized through a general sequence
of 13 reaction steps.
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1. Introduction

Although polysaccharides represent a meticulously studied class of biopolymers since their discovery in
the 19™ century, they continue to be an attractive topic for researchers due to their impressive traits,
including biocompatibility, biodegradability and the lack of toxicity. Pullulan is one of the polysaccharide
representatives noted for its exceptional solubility in water, an aspect that is not characteristic of the other
polysaccharides, as well as for its capacity to form film layers and the multiple hydroxyl groups per
repetitive unit of maltotriose that can be easily involved in functionalization reactions to form derivatives
with superior properties, mainly oxidation reactions with the most commonly used selective oxidizing
agents in the scientific literature — TEMPO radical (in the presence of sodium hypochlorite and sodium
bromide) and sodium periodate (NalO4). Using the TEMPO radical/NaBr/NaClO system for the oxidation,
the primary hydroxyl groups are turned into carboxyl groups, while NalOs-oxidation manifests its
influences only on the secondary hydroxyl groups which are converted to aldehyde groups, with the
destruction of the bonds between the carbon atoms on which the hydroxyl groups are attached to [1].

The aim of this study was to obtain multi-crosslinked hydrogels endowed with properties suited for
environmental and biomedical applications. To design these types of hydrogels, we used two pullulan
derivatives and polyvinyl alcohol (PVA). Carboxypullulan and dialdehyde pullulan, obtained by the
pullulan oxidation following the two oxidation protocols previously mentioned, either were used in
coupling reactions with 3-aminophenylboronic acid (3-BA) and subsequently mixed with the PVA or were
directly mixt with PVA. Following the syntheses, the chemical structures of each component compound
and the composition of the hydrogel were thoroughly investigated by FTIR and NMR spectroscopy, while
the crystallinity of the hydrogel was determined by XRD spectroscopy. Hydrogels’ major properties were
evaluated by SEM analysis, swelling studies and porosity and density determination studies [1-3].

2. Experimental

To synthesize the hydrogels based on pullulan, polyvinyl alcohol and 3-aminophenylboronic acid and the
component compounds, the following chemical compounds, reagents and solvents were used: pullulan (P),
M, ~ 3x10° g/mol determined by SEC (steric exclusion chromatography), PVA, 2,2.6,6-tetramethyl
piperidin-1-oxyl radical (TEMPO), analytical purity 99%, sodium periodate (NalO4), 99%, 3-aminoboronic
acid, analytical purity > 98%, sodium bromide (NaBr), analytical purity 99%; sodium hypochlorite
(NaClO), 3% chlorine; N-hydroxysuccinimide (NHS), analytical purity 96%; I1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC HCI), distilled water; millipore water; ethanol
(EtOH), analytical purity 99% and sodium hydroxide solution (NaOH), 2M purchased from Sigma Aldrich,
Fluka and Merk, as received, without further purification.

3. Designing pullulan and PV A based-hydrogels

The multi-crosslinked hydrogels were classified as P and T series according to the used oxidation protocol

and were suggestively named after the precursors and oxidizing agents. The gravimetric ratios between the
hydrogels’ components are indicated in Table 1.
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Table 1. The gravimetric ratio between the hydrogel components of
the P series (in which the pullulan derivative is dialdehyde pullulan) and
T series (in which the pullulan derivative is carboxypullulan).

T series
T =P-OT-PVA T, = P-OT-BA-PVA
P-OT PVA P-OT-BA PVA
25 75 25 75
50 50 50 50
75 25 75 25
P series
P, =P-OT-PVA P, =P-OT-BA-PVA
P-OP PVA P-OP-BA PVA
25 75 25 75
50 50 50 50
75 25 75 25

T SERIES: P-OT=TEMPO-oxidized pullulan derivative (carboxypullulan); P-OT-PVA=hydrogel based on P-OT and PVA; P-
OT-BA = pullulan derivative obtained by coupling reaction of P-OT and 3-BA; P-OT-BA-PVA = hydrogel based on P-OT-BA
and PVA.

P SERIES: P-OP=NalOas-oxidized pullulan; P-OP-PV A=hydrogel based on P-OP and PVA; P-OP-BA= pullulan derivative
obtained by coupling reaction of P-OP and 3-BA; P-OP-BA-PVA= hydrogel based on P-OP-BA and PVA

The existing crosslinks in the P and T series hydrogels are of physical and chemical nature. Figure la
presents the chemical structures of the precursors of the P series hydrogels, the synthesis methods of P1
and P2 hydrogels, as well as the crosslinking types formed between the functional groups of the dialdehyde
derivative and PVA. In the P1 series, hydrogen bonds and (semi)acetal bonds may appear between the
alcoholic groups in PVA and the aldehyde groups in P-OP. The existence of these types of bonds is less
likely in the case of the P2 series because the grafted 3-BA residues are bulky and prevent their formation,
instead, new ester chemical bonds can appear between PVA and the 3-BA sequences in P-OP (the pullulan
derivative is a Schiff base compound offered to the grafted 3-BA sequences through imine bonds).

a) HYDROGEL COMPONENTS (SERIES T) + METHODS b). HYDROGEL COMPONENTS (SFRIFS P) + METHODS
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Figure 1. Schematic representation of the hydrogel components of P series (a) and T series (b).

Similar to P1 and P2 hydrogels, T-series hydrogels (Figure 1b) contain physical interactions. Between the
PVA chains and the carboxylic groups formed in pullulan by oxidation reactions, chemical crosslinks are
formed — ester bonds originating from carboxylic acids. The T2 series also contains ester bonds, but these
originate from 3-BA, although there could also be bonds formed between the unreacted carboxylic groups
(which could not form amide bonds with 3-BA) and PVA.

4. Results and discussion

Spectral techniques demonstrated the success of the pullulan oxidation reactions, the coupling reactions
with 3-aminophenylboronic acid and the formation of hydrogels from PVA and the pullulan derivatives.
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SEM analysis allowed the investigation of the morphology presented by each hydrogel. These hydrogels
are porous materials, with pore sizes in the order of micrometers. The porosity determination tests were
carried out in order to complete the interpretations of the results provided by SEM analysis. The main
investigated characteristic was the liquid absorption capacity, the swelling degrees of the hydrogels being
calculated. Analyzing the obtained values, it was found that, although the ratio of pullulan with 3-BA
sequences varies from hydrogel to hydrogel, 3-BA determines a strong liquid absorption, followed by the
collapse of the materials. Therefore, it can be concluded that hydrogels without 3-BA sequences are more
stable when in a wet state. In conclusion, the preliminary studies conducted on T and P series hydrogels
open the possibility of a more rigorous investigation for the proposed applications.

4. Conclusions

Undeniably, in recent years, the research in macromolecular chemistry has entailed the development of
polymeric materials within the scope of "green chemistry" (compounds of provenance and solvents, chosen
to be manipulated in experiments, which must not present toxicity), with impressive and vast properties,
allowing their use in more applications. Starting from this aspect, the experiments carried out within the
framework of this study focused on valorizing the polysaccharide properties by obtaining hydrogels,
characterized by high porosity. These types of hydrogels have the potential to be used for applications that
involve the synthesis of metallic nanoparticles or as bioadsorbent materials for organic and inorganic
pollutants found in wastewater. Such studies are already found in the specialized literature, but the novelty
of these hydrogels refers to the ester bonds originating from 3-BA, characterized by a dynamic character
(reversible bonds), giving the materials good mechanical and chemical properties, as well as another
possible application — use in the controlled release of drugs.
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1. Introduction

In response to rising energy demands, electrochromic (EC) devices have emerged as key technologies for
energy-efficient smart windows and optoelectronic applications. Polymers are especially prominent in this
domain because their electrochemical and optical properties can be readily tuned. Among the various active
materials, triphenylamine (TPA) is well-established. In contrast, phenoxazine (POZ), a less studied
electroactive unit in electrochromic applications, features an electron-rich core and a non-planar structure,
which imparts promising electrochromic properties and stability [1]. However, polymer systems based on
POZ remain largely unexplored for electrochromic energy storage (EES). This study introduces a novel
POZ—diphenylamine diamine, which has been incorporated into polyimide, polyazomethine, and
polyamide matrices. The most effective material was subsequently tested in prototype near-infrared (NIR)
EES devices.

2. Results and discussion

We synthesized a POZ-DPA-based diamine through a multi-step process. This new diamine integrates two
oxidation centers for NIR electrochromism. This synthetic route was deliberately designed to yield a
diamine with a low oxidation potential, enhanced electrochemical stability, superior electrochromic
performance, energy storage characteristics and higher polymer solubility. The structure of the new diamine
was confirmed using NMR spectroscopy. Proton chemical shift assignments were determined using two-
dimensional (2D) NMR techniques.

Three new polymeric materials (a polyimide, a polyazomethine, and a polyamide) were obtained through a
polycondensation reaction involving the POZ-DPA-derived diamine. This synthetic approach sought to
embed a common electroactive unit into various polymer backbones to enhance electrochromic and energy
storage performance. Structural confirmation was achieved using NMR and FTIR spectroscopy, while
thermal behavior (TGA/DSC) revealed decomposition and glass transition temperatures in the expected
range. The polymers demonstrated favorable solubility, facilitating straightforward solution-based
processing. Gel permeation chromatography revealed moderate to high molar masses. Uniform, defect-free
thin films (~210 nm) were consistently fabricated, confirming their suitability for use in NIR electrochromic
and energy storage technologies.

A comprehensive investigation using cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
refined the redox characteristics and durability of POZ-DPA-derived polymers. Through the application of
ITO substrates and different electrolyte systems, two distinct and reversible oxidation processes were
observed (Figure 1), with MeCN/LiClOs determined as the most effective medium. Electrochemical
impedance spectroscopy (EIS) highlighted efficient ion mobility and improved interfacial charge transport,
especially for the polyamide-based sample (PA).
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Figure 1. CV profiles of polyamide PA.

The electrochromic performance of the POZ—DPA polymer series was assessed via spectroelectrochemistry
(SEC) in MeCN/LiClOa. Thin films exhibited visible chromatic shifts corresponding to two oxidation states
(0.45—-0.6 V and up to 0.85—1 V), with transmittance modulation (A%T) reaching as high as 80.6% for PA
(Figure 2). Coloration efficiencies (CE) were measured between 160—180 cm?/C for the first oxidation and
133-275 cm?/C for the second oxidation process. Among the polymers, PA demonstrated superior
durability, maintaining electrochromic efficiency with minimal CE and AOD decay after 1000 redox cycles.

(a)

1.5+

Absorbance (a.u.)

0.0+ T T . T T T : T 1
300 400 500 600 700 800 900 10001100
Wavelength (nm)

Figure 2. SEC profiles of polyamide PA.

Given that polyamide PA demonstrated the most promising electrochemical properties, the subsequent
objective was to assess its functional potential. This was achieved by fabricating small-scale prototype
devices, as illustrated in the schematic shown in Figure 3.

Under fully oxidized conditions, the polyamide-based systems exhibited the following electrochromic (EC)
features: notable optical contrast, fast switching durations for coloration and bleaching, and high coloration
efficiency, with moderate declines in both optical density and EC performance. On the other hand, their
energy storage performance revealed substantial capacitance values through CV and GCD measurements,
high Coulombic efficiency, minimal capacity fading over repeated cycling, and stable voltage retention
across a two-hour window. Assembled in a miniaturized configuration with a 1 cm? active area, two EES
devices wired in series were capable of powering a 3 V LED for approximately 30 seconds, confirming the
dual electrochromic and storage functionality of the material.
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Figure 3. The structure of the EES prototype devices based on polyamide PA.
3. Conclusions

In this work, novel phenoxazine—diphenylamine (POZ-DPA)-based diamine was synthesized and
integrated into three polymeric platforms: polyimide (PI), polyazomethine (PAz), and polyamide (PA),
aiming at NIR electrochromic energy storage (EES) applications. Structural confirmation was achieved by
FTIR, '"H NMR, and GPC. The polymers exhibited good solubility and thermal stability (Zonsec Of 387—
408 °C, T, of 189-285 °C), enabling film fabrication via wet processing. UV—Vis analysis revealed high
optical transparency for PI and PA, while PAz showed potential as a light-filtering material.
Electrochemical studies (CV/DPV) confirmed two reversible redox events for all polymers below 1 V. PA
demonstrated excellent stability and electrochromic performance: high contrast (up to 62.15%), fast
switching (1.02-9.24 s), and strong efficiency (up to 280 cm?/C). In EES prototype devices, PA retained
1.7V after 2 h, with ~19% capacitance loss after 500 cycles. Two devices connected in series powered a
3V LED for 30 s. Future studies will focus on tuning the POZ core to further optimize performance.
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1. Introduction

Laccase (LAC) is a multi-copper oxido-reductase enzyme, highly recognized for its catalytic activity,
manifested on various substrates, directly or in the presence of redox mediators [1]. Due to its high redox
potential and good catalytic properties, LAC is utilised in various processes, including polymerisation and
depolymerisation reactions, the delignification and bleaching of wood, and the degradation of
environmental pollutants such as phenol, dyes, and pharmaceutical compounds [1,2]. However, its use in
large-scale processes is limited by its reduced stability at extreme temperatures, pH or in the presence of
organic solvents.

An important solution to mitigate these disadvantages is the immobilisation of LAC on solid supports or
its embedding in polymeric matrices. While the immobilisation of enzymes on solid supports typically leads
to a reduction in the catalytic activity of the enzyme due to conformational changes or diffusional
limitations, the embedment of enzymes on polymeric matrices has a lower effect on the catalytic properties
of the enzyme and, in some conditions, can even lead to increases in the catalytic properties [2]. The
embedment of enzymes in polymeric matrices typically occurs through the formation of weak interactions
between the functional groups of the polymer and the amino acid residues of the enzyme. The formation of
such interactions leads to self-assembly in solution, with the formation of enzyme/polymer nanoassemblies.
The current study investigates the formation of nanoassemblies based on Trametes versicolor LAC and
chitosan (CHI) or CHI grafted with poly(N-isopropylacrylamide) chains (CHI-g-PNIPAM).

2. Experimental

The used materials were Trametes versicolor LAC (Sigma Aldrich, Germany) and CHI (M, = 162 Kg/mol,
88.2% deacetylation degree, Shandong AK Biotech Co., Ltd., China) or CHI-g-PNIPAM (My, = 206.8
Kg/mol, 88.06% deacetylation degree, obtained by the grafting of PNIPAM side chains on CHI, according
to the method proposed by Zaharia et al. [3]). The formation of the nanoassemblies was studied by mixing
the LAC solution (0.5 mg/mL, pH = 4.5) with various volumes of the CHI or CHI-g-PNIPAM (1 mg/mL,
pH = 4.5). The mixing of the components leads to the formation of interpolyelectrolyte complexes under
various mass ratios (MR= 2, 1, 0.5 or 0.25), which were further coded (LAC/CHI)mr or (LAC/CHI-g-
PNIPAM)mr.

The obtained nanoassemblies were characterised by dynamic and electrophoretic light scattering
(DLS/ELS) using the Litesizer 500 equipment (Anton Paar, Austria), by scanning transmission electron
microscopy (STEM), with the Verios G4 UC scanning electron microscope (Thermo Fisher Scientific,
USA) and by fluorescence spectroscopy, employing the FLS5 photoluminescence spectrometer (Edinburgh
Instruments, UK). Moreover, the interaction mechanism between LAC and the two polysaccharides was

confirmed by performing molecular dynamics simulations. The preservation of the catalytic activity of
LAC upon CHI or CHI-g-PNIPAM interaction was assessed using 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS, Sigma Aldrich, Germany) as substrate. The effect of pH, temperature incubation
or long-term storage of the nanoassemblies on the catalytic activity was additionally assessed. Moreover,
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the potential use of the obtained nanoassemblies as catalysts was followed on the enzymatic degradation of
indigo carmine (IC, VWR Chemicals), in the presence of syringaldehyde (Alfa Aesar) as redox mediator.

3. Results and discussion

In a first attempt to understand the interaction mechanism between LAC and CHI or CHI-g-PNIPAM,
molecular dynamics simulations were performed. The simulated systems emphasised the fast interaction
between the enzyme and the two polysaccharides, with the formation of surface interactions such as
electrostatic interactions, hydrogen bonds and hydrophobic forces, with the surface of the enzyme being
partially cover by the CHI or CHI-g-PNIPAM chains, leading to the formation of positively charged
nanoassemblies as confirmed by the zeta potential measurements (Figure 1). Moreover, the prepared
nanoassemblies presented lower zeta potential values as compared to the initial solutions of CHI or CHI-g-
PNIPAM, confirming the important role of charge neutralisation due to electrostatic interactions in the
formation and stabilisation of the nanoassemblies. Furthermore, the obtained nanoassemblies exhibited
rather uniform morphologies, with average sizes increasing as the amount of CHI or CHI-g-PNIPAM used
increases.
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Figure 1. Zeta potential values of the obtained LAC/CHI and LAC/CHI-g-PNIPAM nanoassemblies (full
colour) and of the initial CHI and CHI-g-PNIPAM solutions (textured)

As concerns the catalytic properties of the prepared nanoassemblies, an enhancement in the catalytic
activity was observed upon the interaction of LAC with either CHI or CHI-g-PNIPAM, with a 1-10%
increase for the (LAC/CHI)mr nanoassemblies and 3-17% for the (LAC/CHI-g-PNIPAM)mr
nanoassemblies (Figure 2). The positive effect of CHI and CHI-g-PNIPAM complexation on the catalytic
properties of LAC was additionally observed upon variations in the pH of the media or upon temperature
incubation of the samples. It is hypothesised that the observed positive effect is the result of the surface
covering of the enzyme by the polysaccharide chains, which protects the enzyme from solvent/temperature
exposure. Additionally, CHI and CHI-g-PNIPAM may stabilise the conformation of the enzyme while also
enhancing the affinity between the enzyme and the substrate or improving the microenvironment of the
enzyme, thus facilitating the catalytic reactions.
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Figure 2. Catalytic activity of the obtained LAC/CHI and LAC/CHI-g-PNIPAM nanoassemblies (full
colour) in relation to the initial LAC solutions (textured)

The catalytic activity of the obtained nanoassemblies was additionally tested on a model reaction targeting
the degradation of IC. Both types of obtained nanoassemblies (LAC/CHI and LAC/CHI-g-PNIPAM) were
able to catalyse the full degradation of the IC sample under the assay conditions, while a diffusion-
controlled degradation process was observed. A higher efficiency (lower degradation time) was observed
for the LAC/CHI-g-PNIPAM nanoassemblies, which was correlated with their increased catalytic activity
and a better accessibility of the catalytic center of the enzyme upon complexation with CHI-g-PNIPAM.
Nonetheless, the obtained results demonstrate the potential of the LAC/CHI and LAC/CHI-g-PNIPAM
nanoassemblies to act as catalysts in more complex reaction media.

4. Conclusions

The presented study proposes a comparative study on the formation of nanoassemblies between LAC and
CHI or CHI-g-PNIPAM. With an increase in catalytic activity following polysaccharide binding and an
improvement in the stability of the embedded enzyme at pH modification, temperature incubation, or
storage, the data demonstrated the successful preparation of the nanoassemblies. Moreover, the
nanoassemblies exhibited a satisfactory catalytic activity on the degradation of IC, proving their potential
as novel catalysts for the degradation of water pollutants.

Acknowledgements

This work was financially supported by the Romanian National Authority for Research, with project
number PNRR-II1-C9-2022-18-201, within the National Recovery and Resilience.

References

[1]. Petrila LM. A green approach combining polyelectrolyte-based core-shell microparticles and laccase for indigo
carmine degradation. J. Environ. Chem. Eng. 13, 115631, 2025.

[2]. Chapman J, Ismail AE, Dinu CZ. Industrial applications of enzymes: Recent advances, techniques, and outlooks.
Catalysts 8, 238, 2018.

[3]. Zaharia MM, Bucatariu F, Karayianni M, Lotos ED, Mihai M, Pispas S. Synthesis of Thermoresponsive Chitosan-
graft-Poly(N-isopropylacrylamide) Hybrid Copolymer and Its Complexation with DNA. Polymers 16, 1315,
2024.

135




Progress in Organic and Macromolecular Compounds 3
30t§e pris < . (MACRO lasi) 2025

CHITOSAN-g-POLY(N-ISOPROPYLACRYLAMIDE) POLYPLEXES
WITH DNA MOLECULES OF DIFFERENT LENGTHS

Maria Karayianni,'* Elena-Daniela Lotos,! Marcela Mihai,' Stergios Pispas'?
YPetru Poni Institute of Macromolecular Chemistry, Romanian Academy, lasi, Romania
2Theoretical and Physical Chemistry Institute,

National Hellenic Research Foundation, Athens, Greece
*m.karayianni@icmpp.ro

1. Introduction

Non-viral drug and gene delivery systems utilizing polymers, liposomes, and nanoparticles have gained
scientific interest due to their lower immunogenicity, increased safety, low cost, and ease of manufacture
[1]. Natural polysaccharides like chitosan are promising non-viral vectors due to their biocompatibility,
biodegradability, low toxicity, and cationic charge. Chitosan's positive charge allows binding of negatively
charged genetic material, while also facilitating cellular uptake and transport. Its chemical modification
with amino and hydroxyl functional groups enhances carrier performance [2]. Grafting with natural or
synthetic polymers improves adhesive properties, water solubility, and therapeutic applications.
Temperature-responsive poly(N-isopropylacrylamide) (PNIPAM) is a notable example of grafted polymers
that offer additional functionalities and responsiveness to external stimuli [3].

2. Experimental

This study focuses on the co-assembly of a chitosan-grafi-poly(N-isopropylacrylamide) (Chit-g-PNIPAM)
copolymer with DNA molecules of different lengths (i.e., 50 or 2000 bp) to create polyplexes that could be
used as gene delivery systems [4]. The chitosan's amino groups facilitate electrostatic interactions with the
negatively charged phosphate groups of DNA molecules, while the PNIPAM side chains provide
thermoresponsive properties to the assembly. Various N/P (amino to phosphate groups) mixing ratios were
tested to form stable polyplexes. The mass, size, size distribution, and effective charge of the resulting
nanoassemblies were analyzed using dynamic and electrophoretic light scattering (DLS and ELS), and their
morphology was examined through electron microscopy (STEM). The polyplexes' response to
environmental changes, such as temperature and ionic strength, and their stability in biological media were
also assessed. The DNA binding affinity of the graft copolymer was evaluated using fluorescence
spectroscopy and EtBr quenching assays, while the structure of the complexed DNA chains was
investigated by infrared spectroscopy.

For the preparation of the polyplex solutions, appropriate volumes of a 1.4 mg/mL DNAS50 or 2000 solution
were added to 1 mL of a 1 mg/mL Chit-g-PNIPAM solution, and the final volume was adjusted to 5 mL.
This way, the concentration of the graft copolymer is kept constant throughout the series of samples, while
the N/P ratio ranges from 0.5 to 4. In some cases, partial precipitation was observed, and the corresponding
measurements were performed on the supernatant.

3. Results and discussion

As seen in Figure 1, for both DNAs, an increase in mass (proportional to scattered intensity) and charge
neutralization was observed as the concentration of DNA increases (or equivalently, the N/P ratio
decreases). This denotes an increased interaction or aggregation, eventually leading to precipitation at low
N/P values. For N/P above one, soluble or stable polyplexes with lower mass and increased positive charge
are formed, apparently due to the contribution of the Chit-g-PNIPAM copolymer. Regarding the effect of
DNA length, the polyplexes formed with the long DNA have greater mass or density and less charge,
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indicating a stronger interaction with the graft copolymer. Regarding the corresponding sizes (DLS size
distributions), the Chit-g-PNIPAM copolymer exhibits two peaks, with the larger one ranging from 300 to
600 nm, which suggests some degree of self-aggregation in solution. For the short DNA sample, at high
N/P values, two peaks are observed, attributed to polyplexes formed with the corresponding species of the
grafted chitosan, while at N/P equal to 1, only one peak is discerned, indicating denser or more compact
structures. For the long DNA, only one peak at about 75 nm is observed in all cases, which implies the
formation of more compact structures, also denoting increased interaction between the two components.
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Figure 1. DLS and ELS results regarding: (a) scattered intensity; (b) zeta potential; (c, d) size
distributions, for the polyplexes of the two Chit-g-PNIPAM+DNA systems. Adapted from [4].

The morphology of the polyplexes was visualized by STEM, with the obtained images for both DNAs
shown in Figure 2 indicating the existence of spherical, homogeneous nanostructures of various sizes and
relatively loose conformation. The size of the nanostructures for the long DNA sample is smaller than that
for the short one, verifying once more the formation of more compact structures.

The polyplexes exhibited thermoresponsiveness above 35 °C as thermally triggered aggregation takes place,
due to the presence of PNIPAM. This is evidenced by a significant increase in intensity, which is more
intense in the case of the short DNA sample. From the corresponding changes in the size distributions
(Figure 3), the formation of more compact structures (due to hydrophobic interactions) is observed for the
short DNA sample. For the long DNA, no significant change in size occurred, most probably because of

the already increased initial compactness of these polyplexes. Nevertheless, the transitions are fully
reversible upon cooling back to 25 °C.
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Figure 2. STEM images for representative polyplexes of the two Chit-g-PNIPAM+DNA systems.
Adapted from [4].
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Figure 3. DLS size distributions at different temperatures for representative polyplexes of the two Chit-g-
PNIPAM+DNA systems. Adapted from [4].

4. Conclusions

The Chit-g-PNIPAM copolymer interacts electrostatically with both DNAs, forming stable and
thermoresponsive polyplexes, whose physicochemical properties depend on the intrinsic conformation of
the graft copolymer, the length of the DNA molecule, and the mixing ratio of the two components.
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1. Introduction

Gold nanoparticles (AuNPs) are submicrometer-sized gold particles suspended in different fluids (water or
organic solvents) that exhibit localized surface plasmon resonance properties and possess exceptional
optical and electronic characteristics. AuNPs are inert, non-toxic, and do not react with the body’s internal
environment making them ideal for medical applications, including drug delivery, photomedicine,
biosensing, antimicrobial and anticancer agents. Due to their high surface energy, AuNPs have a tendency
to aggregate, making necessary the use of stabilizers or capping agents to ensure their high performance.
In the last years, polymers have attracted considerable attention, being used as reducing and stabilizing
agents, in order to avoid aggregates during AuNPs synthesis and leading to a better distribution and
orientation of the metal particles [1].

Amylopectin (AMP) is a natural polymer with a higher molecular weight, known as the major component
found in starch granules (75-85%). AMP, has highly branched structure and is composed of a-D-
glucopyranose units linked together by a-(1,4) and a-(1,6)-glycosidic bonds. Among the abundant content
in nature, high biocompatibility and biodegradability, AMP containing numerous free hydroxyl groups that
may facilitate the synthesis of AuNPs by reduction of Au**ions to Au® and immobilization of Au ions into
its network. Moreover, numerous hydroxyl groups facilitate its chemical modification with different
synthetic polymers to create hybrid molecules with adapted functionalities [2]. Poly(acrylic acid) (PAA) is
a pH responsive anionic synthetic polymer with high water absorption capacity. Due to its outstanding
properties, high biocompatibility, nontoxicity, and recyclability, PAA is widely used with polysaccharides
for the development of materials suitable for biomedical applications [3]. In this context, the use of hybrid
macromolecular materials based on polysaccharides and stimuli-responsive polymers, as stabilizing and
coating agents for AuNPs, is identified as a promising approach for the development of smart/responsive
hybrid nanomaterials that integrate their functionalities and properties.

2. Experimental

The overall objective of this study was the synthesis and characterization of a new hybrid copolymer based
on AMP and PAA, followed by the synthesis of gold nanoparticles mediated by AMP-g-PAA.

PAA was synthesized in our laboratory via reversible addition-fragmentation chain transfer (RAFT)
polymerization of acrylic acid (AA) following a previously published methodology [4, 5], where AIBN
was used as the polymerization initiator and 4-cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic
acid as the chain transfer agent. Then, the hybrid copolymer AMP-g-PAA was synthesized by anchoring

of PAA homopolymer chains to the backbone of AMP via a covalent coupling reaction, following the
"grafting to" technique, and using potassium persulfate as the radical initiator (Figure 1). After the reaction
has occurred, the non-grafted homopolymer chains have been removed by dialysis, and the copolymer has
been freeze-dried. ATR-FTIR and 'H-NMR spectroscopy were performed to verify and confirm the
structure of the obtained grafted copolymers.

139




Progress in Organic and Macromolecular Compounds 3
30“?6 pris g . (MACRO lasi) 2025

RAFT polymerization of AA

Figure 1. PAA synthesis by RAFT polymerization and “grafting to” synthesis of
AMP-g-PAA copolymer.

The AMP-g-PAA/gold nanoparticles (AuNPs) hybrid composite have been synthesized through a green
synthesis method using AMP-g-PAA as reducing and stabilizing agent. The AuNPs were formed in aqueous
solution using chloroauric acid and AMP-g-PAA copolymer in different molar ratios MR = [AMP-g-
PAA]/[Au], without the use of any additional reducing agents. The samples were heated at different
temperatures, in a water bath, and then the solutions were left at room temperature (25 °C). To investigate
the kinetics of AMP-g-PAA/AuNPs hybrid nanostructures synthesis in relation to the reaction temperature
and molar ratio, UV-Vis measurements, dynamic light scattering (DLS) and scanning transmission electron
microscopy (STEM) were performed.

3. Results and discussion

The grafting of PAA chains onto the AMP backbone was confirmed by both ATR-FTIR and 'H-NMR
spectroscopies. The spectra obtained for AMP-g-PAA displayed the main characteristic signals of AMP
and PAA structures. Moreover, from the second derivative of ATR-FTIR spectrum, an increase in the
intensity of the alkyl ether bonds (—C—O—C-) stretch was observed in the copolymer spectrum, which
suggests the formation of new aliphatic ether bonds by the reaction of —OH groups of AMP with the PAA
homopolymer.

The formation of AuNPs in the presence of AMP-g-PAA was confirmed by registering the UV-Vis
absorption spectra, following the presence of the peak located at 540 nm (Figure 2). After mixing the
samples at specific MR and temperatures, the samples were kept at room temperature, and the UV-Vis
measurements were carried out for 10 days, at different time intervals, in order to observe the formation of
AuNPs and their stability over time. The UV-Vis absorption spectra revealed that the most efficient
formation of AuNPs in aqueous solution occurred at 60 °C and with a [AMP-g-PAA]/[Au] molar ratio of
2.05.
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Figure 2. The formation of AuNPs in the presence of AMP-g-PAA at 60 °C and different molar ratios,
evidenced by the intensity of the absorbance at 540 nm.

4. Conclusions

In this study, the new hybrid graft copolymer AMP-g-PAA was successfully obtained using the “grafting
to” method. The formation of the AMP-g-PAA copolymer was confirmed by FTIR and 'H-NMR
spectroscopic methods. Furthermore, the formation of AuNPs in the presence of a AMP—g—PAA, which
acts as reducing agent, has been correlated with the [AMP-g-PAA]/[Au] ratio, using DLS and UV-Vis
absorption techniques.
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1. Introduction

Thermoresponsive polymer-coated AuNPs have recently been proven to be attractive materials for the
colorimetric sensors since they are particularly sensitive to outside stimuli, including temperature, pH, and
salts - all of which are critical indications for biological system monitoring [1,2]. Motivated by this demand,
the goal of this research was to create novel AuNPs/smart polymer composite nanostructures with
biological applications. This paper offers a novel method for generating AuNPs with diameters smaller than
100 nm utilizing an eco-friendly chitosan-g-poly(N-isopropylacrylamide) (Chit-g-PNIPAM)
thermoresponsive copolymer. This study originality is the one-pot, in situ synthesis of AuNPs assisted by
an aqueous Chit-g-PNIPAM copolymer solution, which requires no extra reducing agent. The Chit-g-
PNIPAM copolymer was developed using the "grafting to" approach employing a radical-mediated
coupling reaction between chitosan and PNIPAM obtained using RAFT polymerization [3]. The kinetics
of Chit-g-PNIPAM/AuNPs composite structure synthesis were investigated using Scanning transmission
electron microscopy (STEM), dynamic light scattering (DLS) and UV-Vis spectroscopy as a function of
reaction temperature and amine group/gold ([N]/[Au]) molar ratio and also used to illustrate the
thermoresponsive capabilities of the resulting smart nanoparticle colloids.

2. Results and discussion

The optical qualities of AuNPs are significantly influenced by the separation distance, facilitating the
monitoring of aggregation using optical properties. Any color transitions from colorlessness to purple are
regarded positively, indicating the AuNPs production. After eight days after mixing, the color shift was
evaluated as a function of temperature and the [N]/[Au] molar ratio (Figure 1).

_-s.sc 12-05 I Y'Y 4395’
= eI

Figure 1. Color visualization of Chit-g-PNIPAM/AuNPs after heating at 40 °C (A), 50 °C (B) and 60 °C
(C) and 8 days at room temperature.

Figure 1A indicates that the reaction conditions for the samples heated to 40 °C were unfavorable for the
in situ formation of AuNPs since the color change did not occur, regardless of the [N]/[Au] molar ratio.
However, samples exposed to 50 °C and 60 °C show color changes from colorless to various shades of
purple after 8 days at room temperature (Figures 1B and 1C). Additionally, the color intensity decreases as
the [N]/[Au] molar ratio increases from 2.05 to 3.96 and is dependent on the amount of Au supplied in the
reaction media.
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Figure 2. UV-Vis results vs time for [N]/[Au] of 2.05, 2.45, 3.5, and 3.96, heated at 40 (A), 50 (B), and
60 °C (C), and STEM micrographs at 100 nm scale bar (D).

The production of AuNPs may be monitored by localized surface plasmon resonance (SPR), which involves
the excitation of free electrons in the conduction band of Au with an absorption peak at approximately 540
nm. The variation of absorbance versus time was used to track the formation of AuNPs (Figure 2). The
results indicate that the SPR values at 540 nm varied with temperature and with the [N]/[Au] molar ratio.
From STEM images varied mean sizes and mixed geometries (spheres, rhomboids, hexagons, triangles) of
AuNPs were found dispersed on the macromolecular matrix, influenced by the preparation conditions.
Thus, the reaction temperature and component molar ratio are crucial factors for the synthesis of composite
structures in the presence of Chit-g-PNIPAM, ruling the size and shape of the in-situ synthesized AuNPs.
Additionally, the Chit-g-PNIPAM copolymer chains may have dual functions, both as a stabilizer and as a
nucleation controller.
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Figure 3. Influence of temperature on the scattered intensity from DLS for Chit-g-PNIPAM/AuNPs
obtained at 50°C and 60°C and [N]/[Au] of 2.05, 2.45 and 3.5.

Figure 3 illustrates the intensity of the scattered light for Chit-g-PNIPAM/AuNPs at different temperatures
and [N]/[Au] molar ratio. At temperatures below 35 °C, the low scattered intensity of the Chit-g-
PNIPAM/AuNPs solution indicates that the majority of the hybrid copolymer chains are free in solution,
with just a small proportion of the Chit-g-PNIPAM in the aggregates form. The increase in scattered
intensity at about 35 °C indicates the formation of aggregated particles with a compact structure. As the
temperature increases, the individual chains of the copolymer interact with one another, forming micelle-
like aggregates. The intensity in the 35-45 °C temperature range remains constant at 2.05 and 2.45 [N]/[Au]
molar ratios (at both reaction temperatures) (Figure 3A and B), indicating unusual stability at such high
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temperatures. Above the LCST, the PNIPAM chains from Chit-g-PNIPAM/AuNPs tends to avoid water,
resulting in the formation of a core-shell structure with a hydrophobic PNIPAM core and a hydrophilic
corona. The corona is constructed from Chit-g-PNIPAM copolymer which can stabilize the whole structure,
proved by low scattering intensity, as compared to the intensity obtained for the Chit-g-PNIPAM copolymer
[3]. The cationic component of the Chit-g-PNIPAM copolymer enables the polyelectrolyte properties, the
electrostatic repulsions expanding the temperature range at which the particles are stable. Consequently,
there is a competition between the repulsive forces and the associative tendency of the PNIPAM chains.
Furthermore, when the [N]/[Au] molar ratio is increased, the intensity starts to rise slowly in the 35-45 °C
range, reaching values of about 10* keps at 45 °C (Figure 3C). As a result, the stability of these polymer/Au
structures in aqueous conditions is still impacted, and a new aggregation process is occurring. The
difference in intensity between the samples obtained at 50 °C and 60 °C are lower as compared to the
previously described [N]/[Au] molar ratio. This fact confirms that the stability of Chit-g-PNIPAM/AuNPs
hybrid system is correlated with the Au concentration in the mixture. Furthermore, the
hydrophobic/hydrophilic behavior and aggregation of Chit-g-PNIPAM/AuNPs through the LCST appear
to be reversible for all the investigated samples.

3. Conclusions

The Chit-g-PNIPAM copolymer has been effectively used for the in-situ production of AuNPs with varying
sizes and thermoresponsive characteristics. The formation of Chit-g-PNIPAM/AuNPs composite
nanostructures was conducted without an external reducing agent, since the copolymer served as both
reducing and protective agent in aqueous solutions. The kinetics and dimension of the AuNPs were
associated with the [N]/[Au] molar ratios (2.05; 2.45, 3.5, and 3.96) and reaction temperatures (40, 50, and
60 °C), employing STEM, DLS and UV-Vis methods. Measurements of particle size by DLS were
conducted to evaluate the thermoresponsive characteristics of Chit-g-PNIPAM/AuNPs nanostructures in
aqueous solution, attributed to the presence of PNIPAM chains, with a lower critical solution temperature
(LCST) transition occurring at approximately 35°C, near physiological temperature, signifying composite
particle aggregation at eclevated temperatures. Thus, the synthesized thermoresponsive Chit-g-
PNIPAM/AuNPs composites may serve as materials in photothermal treatment. Despite the significant
promise demonstrated by Chit-g-PNIPAM/AuNPs nanostructures, more study is needed to translate them
into medicinal applications.
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1. Introduction

Grafting approach is one of the most attractive methods to develop polymeric materials with improved
properties, high performance and sensitivity to stimuli [1]. This study is dedicated to the synthesis of new
grafted copolymer based of potato starch (PS) and a poly(acrylic acid) (PAA) obtained by RAFT
polymerization, as well as to the structure validation of the grafted copolymer by various methods. PAA is
a water-soluble polymer widely used in various fields of applications [2]. Starch is well known for its
biocompatibility, biodegradability, low cost and nontoxicity [3].

2. Results and discussion

The synthesis of the new grafted copolymer based on potato starch backbone and poly(acrylic acid) side
chains took place in two stages and presented in Figure 1. First, the PAA homopolymer was prepared by
RAFT polymerization of acrylic acid (AA) in presence of 4-cyano-
4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA) and 2,2’-azobis(2-methyl proprionitrile)
(AIBN) (Figure 1A). In the second stage, the copolymer PS-g-PAA was synthesized by the “grafting to”
approach (Figure 1B) using potassium persulfate (KPS) as initiator.
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Figure 1. Schematic representation of: (A) RAFT polymerization of AA;
(B) grafting reaction of PAA to potato starch.

To certify that PAA side chains were successfully grafted onto PS backbone, the grafted copolymer was
characterized by FTIR-ATR and '"H NMR spectroscopies. The FTIR-ATR spectrum of grafted copolymer
(Figure 2A) was compared with the spectra of PS and PAA and it can be observed that in the PS-g-PAA
spectrum the vibration bands corresponding to both starting polymers are present, the strong band at 1718
cm’! being attributed to the —C=O0 stretching vibration of the carboxyl group in the PAA structure [4]. 'H
NMR spectroscopy gives additional information about the structure of the PS-g-PAA (Figure 2D) compared
with those of PAA (Figure 2C) and PS (Figure 2B). Thus, from the spectrum of the PS-g-PAA it can be
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observed the signals (1.3-1.8 ppm and 12.8 ppm) characteristic of PAA, and a decrease of the intensity and

shift of the signals characteristic for PS, respectively [5]. These features are indicative for successful PAA
grafting onto PS backbone.
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Figure 2. FTIR-ATR (A) and 'H NMR (B-D) spectra of PS, PAA and PS-g-PAA.

The behavior of the polymers in aqueous solution can be influenced by various factors, such as polymer
structure, molecular weight, pH, concentration or temperature, being very important for various
applications such as, drug delivery or wastewater treatment. In this context, the pH-responsive behavior of
PS-g-PAA in aqueous solution was studied using the viscometry method (Figure 3).
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Figure 3. (A) The reduced viscosity vs pH values of PS-g-PAA aqueous solutions
(c=0.1 g/dL) at 25 °C; (B) The reduced viscosity vs concentration of PS-g-PAA aqueous solutions
at 25 °C and pH=8.

The reduced viscosity increases with the increase of pH up to pH = 8 (Figure 3A), after which the value of
the reduced viscosity decreases, this behavior being explained by the conformational change of the
macromolecular chain. The plots of the reduced viscosity as a function of the PS-g-PAA concentration in
water (Figure 3B) show a nonlinear shape, which is a typical behavior for polyelectrolyte solutions, i.e., a
continuous increase in the reduced viscosity with dilution.

The values of the intrinsic viscosity were estimated by Rao (1) and Fuoss-Strauss (2) equations:
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where: [n/r and [5/Fis the intrinsic viscosity determined by the Rao [6] and Fuoss [7] method, respectively,
n, represents the relative viscosity, a is a constant defined as reciprocal of the maximum volume fraction to
which particles can pack, 7,.q is the reduced viscosity and c is the concentration of PS-g-PAA solution.
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The values of the intrinsic viscosity, [n], for the PS-g-PAA aqueous solution at 25 °C and pH = 8 are listed
in Table 1.

Table 1. Intrinsic viscosity values of PS-g-PAA obtained by Rao and Fuoss-Strauss equations.
Sample mIr R’gao [nlr RZFuoss

PS-g-PAA 1.813+0.006 0.996 4.050+0.0489 0.986

Table 1 shows that there are differences between the [n] values calculated using the Rao and Fuoss
equations. These differences may be assigned to the approximations used to calculate the parameters of the
equations. Also, the higher values for R%r,, confirm that the Rao method used for the determination of [n]
for the copolymer PS-g-PAA solution in water was correctly chosen and shows high reliability.

3. Conclusions

In this study, a two-step process is presented: the first step involves the RAFT polymerization of PAA and
the second step is represented by the grafting of PAA onto the PS chain. The chemical structure of PS-g-
PAA was demonstrated by FTR-ATR and '"H NMR. The viscometric studies provide information about the
conformational change of the grafted copolymer macromolecular chains as well as about the pH-sensitive
behavior.
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1. Introduction

Due to its remarkable biological properties, such as biocompatibility, biodegradability, hemostatic,
bacteriostatic, and anticarcinogenic activity, chitosan has become an important component in the
preparation of biomaterials and is still being thoroughly studied for use in drug delivery systems [1].
However, its use can be hindered by the limited surface activity/amphiphilicity and heat resistance as well
as its poor solubility in basic and neutral solvents, therefore, its physical or chemical modification is very
important in order to overcome these disadvantages [2]. Stimuli-responsive polymers are commonly used
to impart additional properties to chitosan, such as the ability to react to a range of stimuli, including
temperature, pH, mechanical force, electric and magnetic fields etc. Temperature response is by far the
most extensively investigated and well-understood. Many polymers exhibit a lower critical solution
temperature (LCST), which is the lowest temperature at which phase separation occurs due to a temperature
change [3]. Poly(N-isopropylacrylamide) (PNIPAM), one of the most widely studied temperature-
responsive polymers, exhibits a lower critical solution temperature (LCST) around 32 °C—close to human
physiological temperature [4]. In this study, we examine the electrostatic complexation between chitosan
(Chit) and the homopolymer PNIPAM that has a chargeable carboxyl end group. We also examined the
complexes’ temperature responsiveness and evaluated their potential as drug delivery carriers using
curcumin (CRC) as the third component of the systems.

2. Experimental

We investigated the formation of polyelectrolyte complexes between chitosan and PNIPAM at different
volume ratios (4/1, 4/2, 4/4), while maintaining a constant polysaccharide concentration. Dynamic and
electrophoretic light scattering (DLS and ELS) techniques were employed to assess the structural properties
of the obtained complexes, focusing on their mass, size and zeta potential. Additionally, changes in mass
and size were monitored using DLS to investigate the complexes’ thermoresponsive behavior in solution.
Lastly, the drug delivery potential of a representative Chit/PNIPAM complex was evaluated by loading
curcumin as a model hydrophobic drug at varying concentrations (2.5, 5, and 10% w/w) and analyzing the
properties of the resulting drug-loaded complexes.

3. Results and discussion

The scattered intensity and the zeta potential were assessed by DLS and ELS measurements and the results
are shown in Figure 1. As it can be seen in Figure 1a, the scattered intensity increases significantly with the
rising concentration of PNIPAM in the formed complexes. The observed increase provides clear evidence
of complexation between the two polymers, given that the scattered intensity is proportional to the mass of
the complexes in solution. Figure 1b shows no significant differences in the zeta potential values of the
formed complexes, regardless of the PNIPAM concentration. However, a decrease in the effective charge
compared to the neat chitosan solution is observed, confirming the interaction between the components.
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Figure 1. (a) Scattered intensity and (b) zeta potential for the Chit/PNIPAM complexes.

DLS measurements were performed between 25 and 45 °C, with 5 °C increments, to investigate the thermal
response of PNIPAM and Chit/PNIPAM 4/1 complex. The effect of temperature on the scattered intensity
was examined for the representative Chi/PNIPAM complex at a 4/1 volume ratio and compared with the
PNIPAM samples (Figure 2). A distinct increase in turbidity, along a sharp rise in scattered intensity, was
observed at 35 °C - above the LCST of PNIPAM. This characteristic reflects the thermoresponsive nature
of PNIPAM and is attributed to increased hydrophobic interactions that lead to aggregation between
polymer chains. The similar trend observed in both the free PNIPAM and the complex suggests that the
thermal phase transition of PNIPAM is preserved upon complexation with chitosan. Importantly, upon
cooling to 25 °C, the scattering intensity returns to its original values, indicating that the thermal transition
is fully reversible.
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Figure 2. Temperature effect on the scattered intensity for PNIPAM and Chit/PNIPAM 4/1 samples.

The potential application of the obtained Chit/PNIPAM polyelectrolyte complexes as drug delivery systems
was investigated by evaluating their encapsulation efficiency of curcumin, a hydrophobic drug. DLS
measurements were employed to characterize the physicochemical properties of the CRC-loaded
Chit/PNIPAM 4/4 samples. Figure 3 presents the measured scattered intensity values alongside the
corresponding average particle sizes. As shown, the DLS results indicate that the CRC-loaded complexes
exhibit a significant increase in scattered intensity compared to the unloaded samples (Figure 3a). This

increase reflects a higher mass and potentially greater aggregation or complex formation within the
nanostructures due to the encapsulation of CRC. Additionally, an increase in the average particle size of
the loaded systems is observed (Figure 3b) with increasing curcumin concentration. This increase in size
further supports the possibility of aggregation or clustering between the components, likely induced by
curcumin incorporation. These variations in scattered intensity and average size indicate an effective drug
loading, which changes the hybrid nanostructures' physicochemical characteristics.
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Figure 3. (a) Scattered intensity and (b) average hydrodynamic diameter for the complex Chit/PNIPAM
4/4 loaded with curcumin.

4. Conclusions

Hybrid nanostructures were obtained successfully through complexation method between chitosan and the
thermoresponsive homopolymer PNIPAM. The properties in solution for the prepared Chit/PNIPAM
systems, regarding the zeta potential, average size and scattering intensity, were assessed by light scattering
methods. The temperature response of the Chit/PNIPAM complexes was also evaluated due to PNIPAM’s
thermoresponsive nature and it was demonstrated that they show similar temperature-dependent behavior
above 35 °C. Lastly, the potential use of the obtained nanostructures as drug delivery systems was
confirmed through the encapsulation of curcumin, facilitated by the hydrophobic interactions between
PNIPAM and the drug.
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1. Introduction

In the last several years, bifunctional nanomaterials with magnetic and fluorescence characteristics have
drawn a lot of attention due to their applications in magnetic resonance (MR) and fluorescence imaging [1].
When MR and fluorescence imaging are merged, a powerful combination of complementary approaches is
created. MR imaging provides great spatial resolution and excellent tissue penetration in microscopic tissue
evaluation, whereas fluorescence imaging delivers high sensitivity and ease of observation. As a result, a
lot of work has gone into developing different magnetofluorescent (MF) nanomaterials for MR and
fluorescence imaging [1,2].

Dual-modality contrast agents that are MF have recently emerged as effective and useful probes in
biomedical research. Iron-oxide nanoparticles (Fe,Os/Fes04), MnO, Gd»Os, and Dy,Os were the most
commonly used metal-oxide nanoparticles [2]. These nanoparticles, however, displayed drawbacks such as
rapid renal elimination (Fe,Os/Fe;04), severe cytotoxicity (Gd»Os3), poor biocompatibility at a shorter
exposure time, reduced functionalization, lower magnetic center payload, and chelate etching [2].
Additionally, transition metals with conjugated polymeric nanoparticles also have significant downsides,
such as large hydrodynamic diameters (ranging from 50 to 700 nm), time-consuming and expensive
synthesis techniques, and systemic toxicity at higher concentrations [3]. In this context, carbon dots (CDs)
could be considered to be the next generation of fluorescent nanomaterials used for MR and fluorescence
imaging, due to their exceptional fluorescence efficiency, high biocompatibility, durable chemical
inertness, improved water solubility, and ease of surface modification [4].

CDs are a new class of materials that have triggered a lot of interest in the scientific community because of
their unique architecture, which consists of a graphitic core with less than 10 nm in size, which is comprised
of carbon atoms in sp* hybridization decorated on surface with various functional groups (e.g. -COOH, —
OH, —CHO, —NH; etc.) [4]. In addition to their unique tunable PL and other outstanding physicochemical
characteristics, Cdots have remarkable and outstanding characteristics such as excitation-dependent
photoluminescent emission, high quantum emission yields, physico-chemical stability, biocompatibility,
photostability, and versatility [4].

Amino acids like tryptophan (TRP) are attractive as precursors due to their intrinsic fluorescence and
abundance of functional groups, which can promote both carbonization and efficient surface passivation
during synthesis [5]. Co-precursors such as N-hydroxyphthalimide (NHF) offer additional chemical
complexity, potentially modifying the CDs’ surface states and emission profiles. Furthermore,
incorporating transition metals like manganese (Mn) can generate defect sites and electron traps, enabling
further modification of the photophysical properties.

Excitation-Emission Matrix (EEM) fluorescence spectroscopy provides multidimensional spectral data by
mapping fluorescence intensity against both excitation and emission wavelengths. This technique surpasses
traditional single-wavelength fluorescence by revealing heterogeneity in fluorophore populations and

enabling comprehensive insight into the evolution of fluorescence during synthesis and doping.
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2. Experimental

CDs were prepared by hydrothermal treatment of aqueous solutions containing TRP, NHF, or their
equimolar mixtures, with selective manganese chloride doping. The solutions were sealed in Teflon-lined
autoclaves and heated at 170 °C for 20 hours. After reaction, samples were cooled and purified through
centrifugation followed by filtration using 0.2 um filters to remove residual precursors and impurities. The
EEM fluorescence spectra were recorded on precursor solutions (TRP, NHF) and the hydrothermally
produced samples (TRP-HT, TRP-Mn-HT, TRP-NHF-HT, TRP-NHF-Mn-HT) using a FluoroMax-4
spectrofluorometer (Horiba, Japan). Excitation wavelengths ranged from 320 to 450 nm, with emission
being collected between 350 and 540 nm. The resulting EEM maps were analyzed for changes in
fluorescence intensity, wavelength shifts, and spectral broadening as indicators of carbonization and doping
effects.

3. Results and discussion

This study reports the synthesis of carbon dots (CDs) derived from L-tryptophan using a hydrothermal
method. N-hydroxyphthalimide (NHF) was included as a co-precursor, and manganese chloride (MnCl,)
was added as a metal dopant.

The EEM map for TRP (Figure 1a) displayed a sharp, intense fluorescence peak at around 280 nm excitation
and 350 nm emission, characteristic of tryptophan’s indole ring [5]. In contrast, NHF (Figure 1b) showed
weaker intrinsic fluorescence features.

Hydrothermal treatment significantly altered fluorescence patterns. The fluorescence profile of TRP-HT
(Figure 1¢) changes dramatically compared to the precursor, with a broad, intense emission region spanning
430-500 nm upon excitation between 340-380 nm. Such broad bands are typical fingerprints of CDs,
reflecting heterogeneous surface states and nanoscale carbon cores. The observed red-shift and broadening
suggest new emissive traps and functional groups formed during carbonization.

Manganese doping, TRP-Mn-HT (Figure 1d) and TRP-NHF-Mn-HT (Figure 1f), further influenced the
fluorescence spectra. EEM maps of doped samples showed additional peak broadening and subtle shifts in
emission maxima, along with changes in intensity, indicating that Mn introduces new surface defects or
trap states. The samples synthesized with both TRP and NHF, TRP-NHF-HT (Figure le), exhibited more
complex fluorescence patterns, with broader emission profiles and increased heterogeneity across excitation
and emission spectra. This complexity likely arises from diversified surface chemistry and formation
environments driven by NHF’s oxidative or coordination effects.

Collectively, the EEM data illustrates a clear transition from discrete molecular fluorophores to complex
carbon dot emission profiles with excitation-dependent fluorescence. The disappearance of native main
peaks from TRP and NHF confirms successful carbon dot formation with modified emissive properties.
Both Mn doping and NHF co-precursor effectively tailor surface states and defects.
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Figure 1. EEM maps of: (a) TRP; (b) NHF; (c) TRP-HT; (d) TRP-Mn-HT;
(e) TRP-NHF-HT; (f) TRP-NHF-Mn-HT.

4. Conclusions

Hydrothermal synthesis of carbon dots from L-tryptophan and N-hydroxyphthalimide yields fluorescent
nanomaterials with tunable optical properties. Manganese doping and co-precursor effects significantly
influence fluorescence, broadening and shifting emission bands by introducing new surface or defect states.
EEM fluorescence spectroscopy effectively captures these emission changes, providing detailed
fingerprints of carbon dot formation and modification processes. This study highlights the power of
compositional and synthetic parameter control to engineer photophysical behavior in carbon dots,
enhancing their versatility for advanced fluorescent applications.
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1. Introduction

Driven by the current need for prophylactic and therapeutic wound-healing formulations, including those
for burn injuries [1], this study focuses on the development of advanced dressings based on chitosan (CS)
and quaternized chitosan (TMC) nanofibers, functionalized with 2-formylphenylboronic acid (A) in order
to achieve enhanced properties. The dressings were designed as a formulation for norfloxacin (NFX), a
second generation fluoroquinolone antibiotic, with a wide antibacterial spectrum [2].

The selected composition combines the inherent advantages of chitosan and its quaternized derivative,
including high biocompatibility, biodegradability, and potent antimicrobial properties [3,4]. The fibers were
thoroughy characterized, regarding their structural, thermal, morphological and supramolecular properties,
as well as their biological activity and general toxicity both in vitro and in vivo.

2. Experimental

The preparation method of the binary chitosan/quaternized chitosan nanofibers (CT), implied
electrospinning a mixture of CS:TMC:PEO with a mass ratio of 7:1:2, in 75% acetic acid using a Inovenso
NanoSpinner apparatus. The resulting non-woven mats were subjected to washing through immersion in
previously dried ethanol, in order to remove the PEO, which acts as both a co-spinning agent and a
sacrificial matrix. Subsequently, the previously attained fibers were first subjected to loading with
norfloxacin (NFX) by the adsorption method, which implies immersion of the nanofibers into an ethanolic
solution of the drug (0.1%), followed by a 24 hour incubation and further drying under atmospheric
conditions in an enclosed space, giving CTN samples.

The second preparation stage involved functionalization of both CT and CTN fibers with an antifungal
aldehyde (A) by spraying a solution of the A (0.2% in ethanol) on the surface of the fibers, on both sides,
giving CTA and CTNA samples. A 10:1 molar ratio between the glucosamine units of CS/TMC and the
aldehyde units of A was chosen and calculated in order to determine the amount of aldehyde used for the
imination process. A schematic representation of the nanofiber preparation can be seen in Figure 1.

Results and discussion

FTIR and NMR spectroscopy confirmed the presence of all components and the formation of imine-type
bonds, while ATG thermograms indicated the efficient removal of PEO from the fibers. The encapsulation
efficiency of NFX in the nanofibers was adequate and relatively homogenous (~3.5%), suggesting that the
drug is predominantly distributed within the fibers.

Morphological and supramolecular analysis through POM, SEM, and XRD revealed that the nanofibers
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maintain a stable morphology over time, with a constant average diameter (~150 nm) and a compact
structure, while the imine formation and encapsulation process induced a consolidated supramolecular
organization, supported by intermolecular interactions between components.

Polymer solution
SEEEE 1. NFX loading R
< \ % F, 2 4
4 ' 35°C CTN |‘ o
i 25 rpm . e
24 hour I I
Ethanolic NFX solution ours P:N\): G

0.1% (m/v)

Norfloxacin (NFX)
CS PEO removal 2. Iminati
. 1mination
TMC 35°C, 25 rpm, 4 -
PEO times in 24 hours
n 75%' acetic Ethanolic //l
acid aldehyde =) CTA
% 5 solution
N— CT 0.2% (m/v)
on _] Y
YOS HO H
NP VSOV
o N— o n . o . . T
YN on 3.NFXloading + imination === CTNA
. Quaternized - Polyethylene oxide Splayiug dir.eclly over wet fibers,
Chitosan (CS) Chitosan (TMC) (PEO) K then dried in an enclosed space

Figure 1. Schematic representation of the nanofiber preparation.

The composite nanofibers exhibited improved mechanical properties, with elastic modulus values of up to
1250 MPa, a high swelling capacity, with a moisture retention of 10 g/g in the first 5 minutes, highlighting
their increased potential as modern dressings for healing exudate-abundant wounds. CTNA fibers
demonstrated superior antioxidant activity (~70%), suggesting their ability to contribute to supporting the
wound healing process by controlling oxidative stress. Bioadhesivity testing on model tissue (chicken skin)
revealed adequate adhesive properties (0.9 N) similar to those of other chitosan-based materials, indicating
their capacity to effectively adhere to tissues and remain stable during administration.

The investigation of the nanofibers enzymatic biodegradation revealed a degradation behaviour adaptable
to the local wound environment, progressively degrading according to evolution of pH values over the
healing period, while maintaining their structural integrity. Complete degradation in acidic media
confirmed their bioresorbability, providing an essential advantage in avoiding traumatic debridement and
supporting tissue regeneration. The study of in vitro release kinetics of NFX showed a rapid and consistent
release of the drug from the nanofibers, regardless of pH, supporting the formulation's performance in
infection prevention during the early phases of wound healing.

The antimicrobial properties of the samples were tested on both Gram-positive and Gram-negative bacterial
strains, as well as one fungal strain, revealing good capacity to inhibit microbial growth. The results are
presented in Figure 2.

Cytocompatibility tests confirmed that all investigated nanofibers are safe for contact with human cells,
showing cell viability within the limits set by ISO standards for biomedical devices, supporting their
potential for therapeutic applications. Nanofibers have demonstrated strong and long-lasting antimicrobial
and antifungal activity, enhanced by the presence of NFX and aldehyde, highlighting the effectiveness of
these materials as active dressings with long-term stability for infection prevention. The in vivo toxicity

assessment of subcutaneously implanted nanofibers revealed excellent biocompatibility, with no signs of
systemic toxicity or inflammatory reactions.
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Figure 2. Graphical representation of inhibition zones reached by tested samples against Staphylococcus
aureus, Escherichia coli and Candida glabrata.

4. Conclusions

The present study managed to effectively obtain a complex formulation of imino-CS/TMC-based
nanofibers for the encapsulation of NFX as promising wound dressings. The composition and contents were
successfully confirmed through NMR, FTIR spectroscopy and TGA analysis. SEM micrographs indicated
appropriate morphology, expected for nanofibers, with nanometric mean diameters (approx. 150 nm), while
DVS studies revealed mesopore dimensions of 3 nm. The non-woven mats exhibited advanced mechanical
strength (1250 MP), good swelling capacity (up to 6 g/g MES values), enhanced antioxidant activity (up to
70%), as well as good antimicrobial activity over a series of bacterial and fungal strains. The biodegradation
experiments carried out in isotonic-isohydric solution revealed gradual decomposition, thus strongly
indicating the nanofibers bioresorbability, minimizing the risk of traumatic debridement. The toxicity
studies, both in vitro and in vivo, showed good biocompatibility and therefore lack of toxicity, making the
obtained formulation suitable for biomedical applications.
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1. Introduction

Melanogenesis is a complex biochemical process responsible for the production of melanin. The
biosynthesis of melanin begins in melanocytes when the tyrosinase enzyme (TYR) catalyzes L-tyrosine
into the melanin precursors L-3,4-dihydroxyphenylalanine (L-DOPA) and dopaquinone (DQ) [1].
Excessive TYR production leads to skin hyperpigmentation diseases, including pigment spots, melasma,
solar lentigines, and even melanoma. Treatments for hyperpigmentation disorders or melanoma are directly
related to TYR activity, involving compounds that block the enzyme’s active site or chelate copper ions.

Hence, different compounds with effects on anti-melanogenesis, low toxicity, and reduced skin irritability
were sought. Kojic acid (KA) and arbutin (Ar) are natural inhibitors with antioxidant, antifungal, and anti-
melanogenic properties [2]. Besides these benefits, the compounds have limited efficiency due to poor
penetration. Several studies revealed that amino acids and short peptides enhance absorption efficiency [3],
serving as a strong substitute for chemical skin-lightening agents by inhibiting the TYR enzyme.

In this context, the present study aimed to develop an eco-friendly approach for preparing a new
multifunctional bioactive system (MBS) starting from a supramolecular gel based on lysine and glycyl-
glycyl-glycine, modified at the N-terminal with a fluorenylmethyloxycarbonyl (Fmoc) protecting group,
and enhanced with a glycoside-pyrone-based complex (Ar-KA). This complex system will present a
synergistic effect to inhibit peroxidase, an enzyme similar to tyrosinase, and implicitly control melanin
production.

2. Experimental

The MBS was prepared at room temperature in two steps. Initially, 0.8% w/v Fmoc-Lys(Fmoc)-OH and
0.1% w/v Fmoc-Gly-Gly-Gly-OH solutions were prepared, forming the SG matrix through a co-assembly
process [4]. Subsequently, a co-drug mixture containing 1% w/v KA and 1% w/v Ar was prepared. The
final step involves mixing the SG matrix with the co-drug, thus obtaining the MBS gel.

In the MBS development process, two distinct formulations (F1, consisting of SG and Ar, and F2, consisting
of SG and KA) were obtained to investigate the synergistic efficacy of the co-drug mixture. The MBS and
Fi, F» formulations were left at room temperature for 24 hours.

3. Results and discussion

The MBS gel was obtained by adding the bioactive mixture to a supramolecular system, which served as a
matrix. Figure 1 illustrates the structure of the MBS, which was formed through hydrogen bonds between
the —NH, —C=0, and —OH groups of the supramolecular compounds and the glycoside-pyrone-based

complex. Therefore, the supramolecular gel provides consistency and enhances absorption efficiency, while
the bioactive compounds provide synergistic benefits, having effects against skin disorders.
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Multifunctional bioactive system
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Figure 1. Schematic representation of the MBS structure.

The MBS stability was evaluated over 84 days at different temperatures (4 °C, 25 °C). The bioactive gel
was also tested every 7 days to assess its pH and conductivity. As can be seen in Figure 2a, at the initial
time point (To), freshly prepared MBS exhibited a pH of 6.16. Throughout 12 weeks, the pH of MBS stored
at 4 °C decreased to 5.1, similar to skin pH. Evident changes were observed for MBS stored at 25 °C, with
a decrease in pH to 3.4 indicating acidification due to compound degradation. Conductivity, an important
parameter in assessing the durability of a topical bioactive substance, was initially 2.08 uS. After 12 weeks,
conductivity at 4 °C increased slightly to 3.98 uS, while at 25 °C, it rose from 2.08 to 6.3 pS, reflecting
increased ion mobility and molecule dissociation with temperature, linked to compound degradation.
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Figure 2. a) pH and b) conductivity values of MBS at 4 °C and 25 °C storage conditions.

The anti-melanogenesis effect and the inhibition mode of the prepared gels were determined by using
horseradish peroxidase. The MBS bioactive gel presents a higher peroxidase inhibitory activity than F: or
F, its inhibition being composition-dependent.

Table 1. The Lineweaver-Burk parameters for Ar, KA, and MBS inhibitors.

Inhibitor K (M) Vinax (M/s) Kea 5™
Ar 2.482 0.0019 0.191

KA 0.039 0.0002 0.0267
MBS 0.044 0.0002 0.0289
No inhibitor 0.0651 0.0014 0.1447

*Km - Michaelis constant; Vmax - maximum velocity; Kcat - catalytic constant;
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Table 1 shows the Lineweaver-Burk parameters for the Ar, KA and MBS inhibitors, indicating the type of
inhibition (competitive, uncompetitive, non-competitive or mixed) characteristic of each inhibitor. In the
absence of the inhibitor, a low value of the Km suggests efficient enzymatic activity. An increase in the
Km value shows that the inhibitor Ar causes competitive inhibition, competing with the substrate for the
active site. In the case of KA and MBS inhibitors, the low values of the Km and Vmax parameters show
that they are uncompetitive inhibitors, binding reversibly to the enzyme-substrate complexes.

4. Conclusions

In conclusion, a multifunctional bioactive system was prepared via physical interactions between amino
acid/peptide motifs-based and an arbutin-kojic acid bioactive complex. The study evaluates MBS's potential
as an anti-melanogenesis agent. The stability over twelve weeks was assessed by analyzing pH and
conductivity, showing better stability at 4 °C than at 25 °C. MBS strongly inhibited peroxidase activity
through uncompetitive inhibition, binding only to the enzyme-substrate complex. Overall, the results
suggest that MBS is a suitable skin product against hyperpigmentation, with anti-melanogenic effects.
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1. Introduction

The overuse of antibiotics has led to the emergence of multi-drug resistant bacterial strains, posing a
significant challenge in the management of wound infections. The primary pathogens associated with such
infections include Staphylococcus aureus (79.4%), Pseudomonas aeruginosa (40.2%), Proteus mirabilis
(11.2%), and Staphylococcus haemolyticus (4.4%), along with other clinically relevant species such as
Klebsiella pneumoniae, Enterococcus faecalis, and Acinetobacter baumannii. In the early stages of wound
colonization, Gram-positive bacteria—particularly S. aureus—are the most prevalent [1]. Natural
polysaccharides are widely employed in wound dressing formulations due to their inherent
biocompatibility, non-immunogenic nature, and antimicrobial properties. With their diverse chemical and
physical characteristics, polysaccharides represent a valuable class of biomaterials for biomedical
applications. Many of these polymers exhibit antioxidant and antibacterial activity against both Gram-
positive and Gram-negative bacteria, along with notable anti-inflammatory effects—an essential attribute
in the treatment of chronic wounds [2]. Previous studies on polysaccharide-based scaffolds for chronic
wound healing often highlight the need for chemical crosslinkers or combinations of multiple
polysaccharides to achieve desired therapeutic effects. To overcome these limitations, we propose to
explore the tunable properties of the natural polysaccharide pullulan by chemically modifying it into a
therapeutically active, antibacterial form. Pullulan is a commercially available polysaccharide and
biological macromolecule predominantly produced by the yeast-like fungus Aureobasidium pullulans [3].
It consists of maltotriose units connected by a-1,4 and a-1,6 glycosidic linkages. Due to its unique
physicochemical properties, pullulan and its derivatives have been widely explored for various biomedical
applications, including targeted drug and gene delivery, tissue engineering, and vaccine development [4].
Although pullulan is well known for its adhesiveness, biocompatibility, anticoagulant, antithrombotic, and
anti-inflammatory properties, it inherently lacks bactericidal activity. To enhance its antimicrobial
potential, we hypothesized that the introduction of functional groups through chemical modification—
specifically oxidation—could improve its effectiveness against pathogenic bacteria. This study aims to
evaluate the impact of pullulan oxidation on its antibacterial activity against bacteria commonly associated
with wound infections. Owing to its biocompatibility and biodegradability, oxidized pullulan (PO) holds
promise as a multifunctional biomaterial for antibacterial and therapeutic applications.

2. Experimental

Materials and reagents: Pullulan (TCI Europe, Belgium, Mn ~3 x 10° g/mol by SEC), N-
hydroxyphthalimide (NHPI), sodium bromide (NaBr), 10% (wt) sodium hypochlorite (NaClO), and other
chemicals and solvents were of pure grade (Sigma Aldrich) and used as received without further
purification.

Oxidation of pullulan: Pullulan (1 g) was added to 200 mL of deionized water/acetonitrile solution (5:1
vol) containing NHPI (0.5 mM/g pullulan) and NaBr (8§ mM/g pullulan) using a magnetic stirrer. The pH
was adjusted to 10, and a 10% NaClO solution (10 mM/g pullulan for PO-10 and 25 mM/g pullulan for
PO-25) was added to the mixture and kept at room temperature for 5 h under vigorous stirring. The pH was




5 Progress in Organic and Macromolecular Compounds
(MACRO lasi) 2025 - . 20" Z et

carefully monitored and kept at pH = 10 during the reaction by using a 0.5 M NaOH solution (to compensate
for the decrease in pH due to the formation of carboxyl groups).

Characterization: The NMR spectra were obtained on a Bruker Avance DRX 400 MHz Spectrometer,
equipped with a 5 mm QNP direct detection probe and z-gradients. Infrared absorption spectra of samples
were acquired using an IRAffinity-1S spectrometer (manufactured by Shimadzu Corp., Kyoto, Japan). The
antimicrobial activity was studied using Gram-positive bacteria (S. aureus ATCC 25923, S. lutea ATCC
9341), Gram-negative bacteria (E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853), and
pathogenic yeasts (C. albicans ATCC 10231, C. glabrata ATCC MYA 2950, C. parapsilosis ATCC
22019). Antimicrobial tests were carried out using a disc-diffusion method (CLSI, 2016). A small amount
of each microbial culture was diluted in sterile 0.9% NaCl until the turbidity was equivalent to McFarland
standard no. 0.5 (106 CFU/mL). The suspensions were further diluted 1:10 in Mueller Hinton agar for
bacteria and Sabouraud agar for yeasts and then spread on sterile Petri plates (25 mL/Petri plate). Sterile
stainless steel cylinders (5 mm internal diameter; 10 mm height) were applied on the agar surface in Petri
plates. Then, 0.1 mL of each compound was added to the cylinders. Commercially available discs
containing ampicillin (10 pg/disc), ciprofloxacin (5 pg/disc), and nystatin (100 pg/disc) were used as
positive controls. The plates were incubated at 37 °C for 24 h (bacteria) and at 24 °C for 48 h (yeasts). After
incubation, the diameters of inhibition zones were measured in mm, including disc size.

3. Results and discussion

Pullulan was selectively oxidized through a NHPI-mediated reaction to introduce carboxylic groups along
the polymer backbone. Notably, NHPI alone is insufficient to drive the oxidation; the process critically
depends on the formation of the phthalimide-N-oxyl (PINO) radical, generated from the hydroxylated NHPI
precursor. This PINO radical acts as the key initiator of the catalytic cycle. To enable and enhance this
transformation, a combination of NaClO and NaBr is employed (Figure 1a).
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Figure 1. (a) PINO-mediated cycle for the oxidation of the primary OH groups of
pullulan in the presence of NaClO/NaBr; (b) NMR spectra of the pullulan and oxidized pullulan;
(c) FTIR spectra of the pullulan and its PINO-oxidized correspondents.

This system serves two essential functions: (i) it promotes the conversion of NHPI into the reactive PINO
radical, and (ii) it further oxidizes PINO into the nitrosonium cation, which serves as the actual oxidant
targeting the primary hydroxyl groups of pullulan. The oxidation of the pullulan was confirmed by NMR
spectroscopy, with the 3*C-NMR spectra indicating the presence of a new signal that was well-defined at
176 ppm, specific to the carboxylic groups (Figure 1b). Also, from the FTIR spectra of the pullulan and
oxidized pullulan samples, the formation of carboxylic groups (COO") can be easily observed by the
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presence of an absorption band centered at 1609 cm™ (Figure 1c). The oxidized pullulan samples were
employed to test their antimicrobial activity against Gram-positive and Gram-negative bacteria. Both test
organisms have multiresistant strains (MRSA, VREC), which often cause problems in the course of medical
interventions. The diameters of the inhibition zones (in mm) corresponding to the tested substances are
shown in Table 1. All assays were carried out in triplicate. Results are expressed as means + SD.

Table 1. Antibacterial and antifungal activities of the tested compounds

Diameter of inhibition zones (mm)

S. ~ Pseudomonas C. C. C.
S. lutea E. coli ) . o
Sample aureus aeruginosa  albicans glabrata parapsilosis
PO-10 154057 154000 0 0 0 0 0
PO-24 1240.07 204007 0 0 0 0 0
Ampicilli
MPICHIN - 9040.07 3440.07 21+0.57 NT *NT *NT ANT
(10 pg/disc)
Ciprofloxaci
IPrOVOXacIll = 310,07 344057 30+0.07  20+0.57 *NT *NT ANT
(5 pg/disc)
Nystatin NT*  NT*  NT* NT* 2040.00 18+0.57  18+0.57
(100 pg/disc)

4. Conclusions

This study demonstrates that oxidized pullulan (PO), synthesized via a single-step selective oxidation
process, exhibits notable antibacterial activity against Gram-positive bacteria, specifically Staphylococcus
aureus and Sarcina lutea. In contrast, PO shows no efficacy against Gram-negative bacterial strains and
lacks antifungal activity. These findings highlight the selective antimicrobial potential of PO and suggest
its applicability may be limited to targeting Gram-positive pathogens.
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1. Introduction

Carbon dots (CDs) are carbon nanomaterials (<10 nm), with a considerable potential for biological
applications owing to their extremely low cytotoxicity, excellent water solubility, and unique
photoluminescence (PL) properties [1]. Typical preparation methods consist in solvothermal, hydrothermal,
or microwave-assisted treatment of natural polymers or small molecular weight compounds. The reaction
conditions induce precursor degradation, recombination, and condensation reactions to afford condensed
carbon particles, which are considered as stacked graphene sheets with various degrees of ordering. The
presence of heteroatoms and surface functional groups are considered to be of significant influence to the
photoluminescent behavior of CDs, the selection of precursors is therefore of critical importance [2].

2. Results and discussion

This report describes an attempt to prepare carbon dots through the hydrothermal or solvothermal treatment
of N-hydroxyphthalimide (NHF) and o-phenylenediamine (OPD) (Figure 1). N-hydroxyphthalimide was
used as the carbon source and for the potential marginal carbonyl and hydroxyl groups that could potentially
enhance the fluorescence emission and ensure the water solubility of the resulting CDs. The aromatic
diamine was used as a nitrogen source due to its reactivity in condensation or polymerization reactions,
which could allow the formation of N-heterocyclic domains within the CDs core. The hydrothermal or
solvothermal reactions of a NHF:OPD 3:1 mixture afforded the isolation of dispersion that presented PL
emission under UV light (Figure 1).

O]

N-OH

@ H,O/EtOH
N-Hydroxyphthalimide 170-240 °C

CL.,
NH,

o-phenylenediamine

Figure 1. The reagents and reaction conditions used for the hydro- or solvothermal treatment and the
resulting dispersion under different wavelengths of UV light.

To further investigate the emission behavior the PL emission spectra of the ethanol dispersion were
recorded for excitation wavelengths between 270 and 500 nm (Figure 2). The analysis revealed two broad
emission bands: one in the blue region (approx. 440 nm) and one in the green region (approx. 530 nm),
depending on the excitation wavelength. The maximum intensity of the green emission band was observed
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for Aex = 380 nm. Similar results were obtained for aqueous dispersions isolated from hydrothermal
reactions.
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Figure 2. PL emission spectra of the ethanol dispersion isolated from the solvothermal reaction
at different excitation wavelengths.

To investigate whether increasing the amount of OPD in the reaction mixture shifts the fluorescence
emission maxima of the resulting dispersion to longer wavelengths, additional synthesis experiments were
performed using NHF:OPD molar ratios of 2:1, 1:1, and 1:2 under the same reaction conditions. The
resulting dispersions displayed emission profiles similar to those observed in the initial synthesis. Due to
an increase in the OPD quantity in the reaction mixtures while maintaining the ethanol volume constant,
small crystals were isolated in the resulting dispersions following cooling to room temperature.

Single crystal X-ray diffraction analysis (Figure 3) of the crystals revealed the presence of a heterocyclic
organic compound. The structure of the isolated bis-benzimidazole compound suggests that in the reaction
conditions, the heterocyclic part of NHF is opened and further participates in condensation reactions with
OPD to facilitate the formation of two benzimidazole units.

Further investigation of the compound revealed that it can exhibit fluorescence emission. The close
proximity of the two benzimidazole units allows the formation of intramolecular hydrogen bonds, which
alters the fluorescence emission behaviour of the compound. When intramolecular hydrogen (H) bonds are
formed, the observed emission is in the blue region of the spectra, whereas in the absence of the H bonds,
the observed fluorescence is in the green region [3]. The emission profile of the organic molecular
compound is in this case consistent with that of the dispersions obtained from the hydrothermal or
solvothermal treatment of NHF and OPD. In this context it is safe to assume that the photoluminescent
properties are imparted mainly by the isolated compound and to a lesser extent by the carbon nanomaterials.
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Figure 3. Single crystal X-ray structure and chemical structure of the crystalized compound isolated from
the solvothermal treatment of NHF and OPD.

3. Conclusions

In this study, the preparation of carbon dots by the hydrothermal or solvothermal treatment of NHF and
ODP was investigated. The photoluminescence profile of the resulting dispersions suggested that the
formation of carbon dots had occurred. Additional synthesis experiments performed in the attempt to
optimize the optical properties of the carbon nanostructures revealed the presence of an organic molecular
compound with the help of X-ray diffraction. Additional investigations concluded that the
photoluminescent properties of the dispersions were in fact imparted by the organic compound. The results
indicate that the choice of reagents or reaction conditions does not lead to the formation of carbon dots but
to a stable organic compound. Additionally, X-ray diffraction is an essential technique for screening organic
compounds during the investigation of carbon dots.
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1. Introduction

Organic amines pose health and environmental risks due to their toxicity [1,2]. Consequently, the
development of efficient and reliable sensing systems for their detection is crucial. Azulenes, with their
unique donor-acceptor electronic structure, cost-effectiveness, and stability, show considerable promise as
sensors for amine and metal ions. This study explores the optical properties of a series of functionalized
azulenes for detecting n-butylamine (NBA), ethylenediamine (EDA), and triethylamine (TEA) in methanol.
The proposed sensing mechanism involves hydrogen bonding between amine lone pairs and azulene
carbonyl groups, altering electronic configurations and optical responses of the amine treated azulenes.

2. Experimental

Azulenes O1-O5 were synthesized as previously reported [3]. UV-Vis titrations were performed by
incrementally adding amine stock solutions (0.1 N in H20) to methanolic azulene solutions. UV-Vis spectra
were recorded using an Analytik Jena 210+ spectrophotometer (200—1100 nm) with a 10 mm quartz cuvette.
Binding constants (Ka) were calculated using the Benesi-Hildebrand equation [4]. Limit of detection (LOD)
was determined as LOD = 3c/m, where o is the standard deviation of blank measurements, and m is the
slope from absorbance versus amine concentration plots. The Gibbs free energy (AG) was estimated from
AG = -2.303RT logK. The molecular structures of the azulene derivatives taking into consideration for
amine interplay have been built and therefore minimized for energetically point. To predict the validity of
the optimized geometries, the Hessian matrix has been computed, and no imaginary frequency was
obtained. The electronic configuration and interactions were computed with CAM-B3LYP/Def2TZVP
method [5,6]. The experimental conditions such as theoretical UV-Vis spectra were mimicked by
computational protocol using the polarizable continuum model (PCM) [7] and the integral equation
formalism variant (IEFPCM) [8]. Moreover, the UV-Vis spectra were estimated with the time-dependent
density functional theory (TD-DFT). The chemical reaction between amine and azulene was described
following two pathways. The first step includes an analysis of electron density to localize the active center
that can directly participate in the interaction. The second step of computational stage includes the direct
interaction between amine and the azulene derivative. The chemistry interaction between azulene
derivatives and amine has been calculated with our in-laboratory developed methodology.

3. Results and discussion

The azulene derivatives under study exhibited three characteristic absorption bands: Band I (250-330 nm),
Band 1I (340-390 nm, m—n* azulene transition), and intense Band III (400—-650 nm, high-energy n—n*
transition). Functionalization induced bathochromic shifts in Band III (e.g., O1: 470 nm — O5: 546 nm)
due to extended m-conjugation (Figure 1a and Table 1).
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Table 1. Key spectral responses of O1-O5 to amines.

Samples Neutral NBA EDA TEA
0Ol Amax, NM 303, 352, 470 330, 400 330, 400 329, 400
02 Amax, NM 318,365,513 337,424 336, 424 337,427
03 Amax, M 320, 365, 489 336, 426 339, 404 336, 407
04 Amax, NM 260, 338, 524 334, 409 334,407 336, 409
05 Amax, NM 238,337, 546 337,427 336, 426 338,428

All amines quenched Band III, while Bands I and II increased in intensity. Largest Amax shifts occurred in
05 (Ah ~100 nm with NBA/TEA), indicating strong binding. Smallest shifts occurred in O3 with EDA.
Titration revealed isosbestic points (e.g., 425 nm for Ol), confirming complex formation (Figure 1b).
Benesi-Hildebrand plots indicated 1:2 stoichiometry (Figure 1c). O5 showed highest Ka (5.82x10° M !
with NBA) and low LODs (e.g., 5.40x10° M for EDA), while unfunctionalized O1 exhibited weakest

binding (Table 2).
Table 2. Thermodynamic parameters and detection limits.
Samples Ka, M! AG, kJ mol™! LOD, M
Ol EDA 2.75x10* -25.33 1.04x10*
05 NBA 5.82x10° -32.89 1.05x10*
05 EDA 0.28x10° -13.87 5.40x107

Negative AG values confirmed spontaneous complexation. Binding strength depended on azulene
substituents (electron-donating groups enhanced affinity) and amine properties (NBA>TEA > EDA).

Y N%Ti gk

04

7 (a) (b) (<)

initial L

0.6 . .
3 0.6 18 yL EDA 704 :g .
A 3 01 60
0.5 —Od 04 %6 2%
—05 ﬁ o e ;..o
03 o 3 £
3 0.4 —02 S 04 ' | o 20
c o1 2 I <.° 4 10
5 0.3 8 ’,’;“ / §, 30 oo 2.50x10°  5.00x10° L]
=3 2 B = 1/[EDAT M
2 02 < 02 ¥ % Y, 20 J
< ; \ 1500 uL EDA 10 o
011 o muss uu -""'
o °~°2°° O S }oo =5 00 20x10° 4.0x10° 6.0x10° 8.0x10°
200 300 400 500 600 700 800 o
Wavelength (nm) 1/[EDA]L, M

Wavelength (nm)

Figure 1. Structures of five azulenes (O1-O5) with UV-Vis absorption spectra in methanol (a); changes
in UV-Vis spectra upon titration of O2 with varying amounts of EDA (b); and Benesi-Hildebrand plots to
calculate the association constant of O2 towards EDA (c).

In particular, for theoretical calculations the first simulation scenario reveals the interaction between amine
and azulene derivatives, and the results were shown in Figure 2a. In this case, the initial reactants were
obtained, and the theoretical calculations proceeded with an investigation of the UV-Vis spectra. The study
began with the theoretical absorption spectra of the unreacted azulene derivatives (labeled as 1), and

continued by probing different amine treating sites, based on prior electron density analyses to identify the
most reactive centers. Hence, treating amine azulene species were included in the geometry optimizations.
In the second scenario, an explicit interaction between the amine and azulene derivatives was considered.
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Theoretical results from this scenario indicate the possible formation of transient species (2-10) during the

reaction pathway and the theoretical electronic spectra was depicted in Figure 2b. Both simulation scenarios
show good agreement with the experimental data.
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Figure 2. Graphical representation of the electronic absorption spectra of transient species identified
through theoretical calculations using the CAM-B3LYP/Def2TZVP method.

4. Conclusions

Functionalized azulenes (02-O5) exhibit bathochromic shifts of the absorption maxima vs.
unfunctionalized O1. Amine binding quenches Band III, while enhancing Bands I and II via electronic
perturbations. All 1:2 azulenes form complexes with amines spontaneously (AG < 0). O5 (with push-pull
substituents) shows highest sensitivity (Ka up to 5.82x10° M™!, LODs ~10° M). Structure-activity
relationships demonstrate tunable amine sensing via azulene functionalization. Theoretical results show
that, during the reaction between amine and azulene derivatives, protonation is likely to occur at the azulene
core, assisted by the formation of transient intermediate species.
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1. Introduction

Natural and synthetic polymer-derived hydrogels are especially attractive for the agricultural domain. They
can serve as planter materials, seedling guards, flower pots, water ponds, soil conditioners, and pesticide
carriers [1]. PVA is a biodegradable polymer often employed as a component in hydrogel because of its
capability of film forming, its biocompatibility, and biodegradability. Nevertheless, its mechanical
properties and environmental response can be improved by the addition of bioactive components and
natural cross-linking agents. It has been proved that a plant polyphenol, tannic acid (TA), crosslinks PVA
effectively via oxidative and hydrogen bonds and thereby imparts high mechanical properties and
functionality to the hydrogels [2]. Lignin nanoparticles, which have antibacterial properties, can further
enhance the environmental adaptability and functional properties of these materials [3].

In this study, PVA-based hydrogels comprising lignin nanoparticles, gelatin, and tannic acid were developed
and characterized.

2. Experimental

Preparation of hydrogels: Initially, a certain amount of tannic acid (TA) was dissolved in distilled water,
followed by the addition of PVA to this solution and stirring at 90 °C for 4h. Over the PVA-TA solution,
10 wt% gelatin (GEL) from the total mass of PVA was added, resulting in the PVA-GEL-TA solution.
Finally, the lignin nanoparticles solution was added in different concentrations to obtain PVA-GEL-TA-
L2%, PVA-GEL-TA-L5% and PVA-GEL-TA-L10% solutions. To obtain the hydrogels the freeze-thawing
method was used. The solution was kept for 20h at -20 °C and then for 4h at room temperature.

Chemical structure of hydrogels: PVA-GEL-TA and PVA-GEL-TA-L (2%, 5%, and 10%) hydrogels were
structurally analyzed using Fourier transform infrared spectroscopy using an ALPHA Bruker spectrometer.
The recording of the spectra was made in absorbance mode and between 4000 and 400 cm™' spectral
regions.

The swelling characteristics and kinetics: Samples that had been previously dried and weighed were
submerged in distilled water at room temperature, taken out at prearranged intervals, and weighed. The
excess of water was removed with a filter paper. The swelling rate was calculated using the following
equation and the data derived from the measurements:

Weight of swollen gel-Weight of dry gel <
Weight of dry gel

Swelling ratio (%) = 100 (1)

The diffusion of polymeric structures and the dynamics of swelling are explained by the Fick's equation.

F=S/Se=kt" )

F - swelling fraction, S. - the equilibrium swelling content of the hydrogel, n - the diffusion exponent of the
solvent, k - the constant that changes according to the gel's network structure.
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3. Results and discussion

Chemical structure of hydrogels
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Figure 1. FT-IR spectra of the hydrogels.

The FT-IR results confirm that the lignin nanoparticles were successfully incorporated into the PVA—
gelatin—tannic acid matrix. Key spectral changes include stronger O—H stretching signals (due to lignin’s
phenolic groups), increased intensity in bands linked to aromatic structures (around 1600, 1510 and 850
cm'), and slight shifts or changes in the amide I and II protein bands (Figure 1). These suggest that lignin
is interacting with gelatin and tannic acid, mainly through hydrogen bonding.

The swelling characteristics and kinetics

Table 1. Maximum sample absorption over cycles and at different temperatures.

Cycles Temperature
Sample Cod
1% 2nd 3rd 20 °C 37°C 45 °C
PVA-GEL-TA 110.92 105.73 103.06 110.92 139.50 173.20
PVA-GEL-TA-L2% 114.97 108.26 108.26 114.97 145.70 169.38
PVA-GEL-TA-L5% 115.06 115.06 110.85 115.06 149.94 186.25
PVA-GEL-TA-L10% 112.45 112.45 108.24 112.45 141.85 162.74

One thing that affects the hydrogel's swelling capacity is the concentration of lignin nanoparticles. At low
concentrations, the nanoparticles are well dispersed, promoting pore formation and establishing hydrogen
bonds with the matrix. This results in a more porous network, which helps the hydrogel absorb more water,
as seen for the samples with 2% and 5% lignin.

However, as the lignin concentration increases, the nanoparticles tend to agglomerate. This reduces their
ability to interact with the polymer matrix, since there's less surface area available. In the 10% lignin sample
this aggregation leads to a denser, less porous structure. As a result, the hydrogel absorbs less water, due to
less available sorption sites and smaller pores (Table 1) [4].
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Table 2. Kinetic parameter for the swelling process of hydrogels.

Sample Cod Temperature

20 °C 37°C 45 °C

Diffusion exponential (n)

PVA-GEL-TA 0.841 0.467 0.540
PVA-GEL-TA-L2% 0.897 0.458 0.558
PVA-GEL-TA-L5% 0.826 0.582 0.562

PVA-GEL-TA-L10% 0.861 0.570 0.544

As the temperature increases, the hydrogel matrix relaxation is higher, thus the water molecules have more
freedom to move. This facilitates the penetration of water into the hydrogel matrix, while the network itself
becomes more swollen, leading to the creation of more voids and larger pores into which water can
penetrate. When the equilibrium between hydrophobic and hydrophilic components is established, the
hydrogel structure remains open instead of being compacted, thus the interactions between water and
hydrogel are stronger.

Additionally, the higher kinetic energy of water molecules at elevated temperatures speeds up diffusion and
can even help the polymer network rearrange itself [5]. As shown in the Table 2, this change in behavior
also shifts the diffusion mechanism from non-Fickian at 20 °C towards Fickian at higher temperatures.

4. Conclusion

In conclusion, hydrogels are obtained by combining biodegradable and biocompatible components, such as
PVA, tannic acid, gelatin and lignin nanoparticles. These can offer a promising approach for sustainable
agricultural applications as they have water-retaining properties and makes them suitable for nutrient
delivery and soil enhancement.

References

[1]. Guilherme MR, Aouada FA, Fajardo AR, Martins AF, Paulino AT, Davi MFT, Rubira AF, Muniz EC.
Superabsorbent hydrogels based on polysaccharides for application in agriculture as soil conditioner and nutrient
carrier: a review. Eur. Polym. J. 72, 365-385, 2015.

[2]. Karakus NR, Tiirk S, Guney Eskiler G, Syzdykbayev M, Appazov NO, Ozacar M. Investigation of tannic acid
crosslinked PVA/PEI-based hydrogels as potential wound dressings with self-healing and high antibacterial
properties. Gels. 10(11), 682, 2024.

[3]. Thakur VK, Thakur MK. Recent advances in green hydrogels from lignin: a review. Int. J. Biol. Macromol. 72,
834-847, 2015.

[4]. Wu L, Huang S, Zheng J, Qiu Z, Lin X, Qin Y. Synthesis and characterization of biomass lignin-based PVA
super-absorbent hydrogel. Int. J. Biol. Macromol, 140, 538-545, 2019.

[5].Lan Y, Xie Z, Wang T, Lu J, Li P, Jiang J. Characterization of cross-linking in guar gum hydrogels via the analysis
of thermal decomposition behavior and water uptake kinetics. Sustainability. 15(12), 9778, 2023.

171




Progress in Organic and Macromolecular Compounds 3
30“?6 pris g . (MACRO lasi) 2025

NEW NANOCOMPOSITE MATERIALS WITH MULTIPLE THERMOREGULATION
MECHANISMS - MATNANOTHERM

George Theodor Stiubianu,' Bianca-Iulia Ciubotaru,'?* Alexandra Bargan,'
Mihaela Dascalu,' Adrian Bele,! Cristian Ursu,! Roxana Solomon'
"Petru Poni Institute of Macromolecular Chemistry, Romanian Academy, lasi, Romania

2Department of Biomedical Sciences, Faculty of Medical Bioengineering,
Grigore T. Popa University of Medicine and Pharmacy, lasi, Romania
*ciubotaru.bianca@icmpp.ro

1. Introduction

Taking inspiration from the capabilities of the mirror comb-footed spider (7hwaitesia sp.) able to adjust
very fast its shape, color, and light reflection, we aimed to develop an innovative biomimetic platform as
thermoregulatory composite material (Figure 1). The advantages of passive strategies for thermal comfort
(low cost, straightforward implementation, and energy efficiency) will be brought together with the fast on-
demand control capabilities of active strategies for thermal comfort. The new nanocomposite will have the
advantage of the flexibility of silicone chemistry as a cost-affordable approach to develop a laboratory
technology for thermoregulatory clothing which can significantly expand the temperature range for a
comfortable thermal envelope for the user. Approximately 14% of the energy use is directed for heating
and cooling buildings. Novel thermoregulatory clothing which brings together the advantages of passive
thermoregulation with the on-demand active control capabilities would reduce energy use. Inspired by light-
reflecting capability of the mirror-spider skin, we developed nanocomposite materials with tunable thermal
infrared properties. This material is two-sided, one side can keep the skin surface cool in warm
environments and the other side can keep the skin warm in cold environments, and it can regulate a heat
flux of >50 W/m? for setpoint temperature ranges between 0—40 °C.
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Figure 1. (a) Bioinspired dynamic polymer-based thermal comfort nanocomposites; (b) active clothing;
(c) passive clothing.

2. Experimental

The air gap thickness ta, and thermal comfort material thickness tm, are << the size of human body - heat
transfer can be modelled as 1D transport between parallel slabs. The air between the skin and thermal
comfort material is stationary - convective heat transfer is negligible in this region. Air circulation through
the thermal comfort material and between clothing and the skin surface is negligible. Internal scattering and
internal self-absorption within the material are negligible. The absorption and emission are linear within
the nanocomposite material. The skin temperature is T;=31...35 °C, the ambient temperature is T¢=30 °C
for cooling and Ts=15 °C for heating (Figure 2). The body is in a sedentary state-uniform skin temperature
and heat generation.
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Figure 2. Expanded temperature range for different types of environments:
(a) hot and (b) cold environment.

3. Results and discussion

First, to prepare the base of reflective metal layer, 10-20 nm thick planar metal film (Cu, Al, Ni) was
deposited onto a silicon wafer (University Wafer) by using an electron beam evaporation system. Next, to
embed the nanosized layer within an IR-transparent elastomer, a 30 pm thick film of styrene block
copolymer was spincast directly on the metal-modified substrate. Lastly, the material was treated at 60-70
°C, followed by delamination with a Mylar frame. The material was characterized in terms of physical,
mechanical (Instron 3365 Universal Testing System), morphological (SEM), and IR (Perkin Elmer FTIR
Spectrometer with a Pike Technologies Integrating Sphere) properties.

One of the main innovative aspects of the thermoregulating material and the integrated clothing with
dynamic thermoregulating capability is the use of all four mechanisms of heat exchange to manage the heat
exchange with the environment and to preserve the thermal comfort of the user. Thus, this platform for
thermal regulation will use synthetic polymers, metal nanolayer, and textile fabric, as well as polymers with
capacity for water transport (Figure 3.A). The heat exchange by radiation represents over 50% of heat
exchange in sedentary environments, such as offices and can be tuned by the nanometer thick metal layer.
The heat exchange by perspiration/evaporation constitutes is ~50% of heat exchange in highly active
environments, such as sports activities and the use of polymer materials with sulfonic groups.

In order to lower the research costs and achieve the objective in the desired timeline, we used commercial
polymers with proven capability for an unparalleled transport rate for moisture vapor when compared with
classic textile materials (Figure 3.B), being instrumental in providing a sensation of thermal comfort in
humid environments and during intense exercise. The heat exchange by convection constitutes >50% of
heat exchange in extremely windy environments such as marine and polar environments. The heat exchange
by conduction, due to contact between the thermoregulatory clothing and skin is another mechanism besides
infrared radiation, for transfer of heat between skin and clothing.
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Figure 3. A) Mechanisms of heat exchange applied to the structure of the proposed thermoregulatory
nanocomposite clothing, which consists of a metal or metal oxide film deposited on a patterned polymer
support between two layers of textile cloth with dissimilar thermal properties: 1. heat exchange by
radiation. 2. heat exchange by perspiration/evaporation. 3. heat exchange by convection. 4. heat exchange
by conduction. b) comparison of moisture vapor transport rate for different textiles, shows the excellent
value for polymer material with sulfonated groups such as Nexar MD, leading to unparalleled capability
for heat exchange by perspiration/evaporation and preservation of dry non-sweat skin.

4. Conclusions

A dynamic thermo-regulatory platform based on flexible, stretchable and conformable polymer was
developed. The polymer-based material displays a unique reversible mechanism of mechanically-actuated
changes in surface nanosized structure of metal layer. The material adaptively alters the reflectance and
transmittance within the thermal infrared region of the electromagnetic spectrum and, thus, changes its
thermoregulatory properties to resemble those of various common wearable materials, such as the space
blanket, fleece lining, wool, and cotton, as well as construction and insulation materials for buildings. It
behaves like radiative thermal switch providing ease of actuation, reversibility and tunability without
hysteresis, dynamic environmental setpoint temperature ranges resembling common clothing materials, and
can precisely regulate local body temperature changes for wearers in real time. The manufacturing of such
materials can be scaled up for commercial applications with low-cost commercial polymers in order to
cover millions of square meters of surface area for buildings, clothing and electronics
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1. Introduction

Phenol and phenolic compounds are important contaminants of food and environment, exhibiting
significant toxicity with harmful effects on plants, animals and human health. As a chemical pollutant,
phenol is produced by different industries such as pharmaceutical, dye, oil, detergent, and chemical
synthesis, being easily absorbed by the skin, with carcinogenic effect on humans, whose determination and
monitoring are of great importance. For this reason, the US Environmental Protection Agency and European
Commission have placed phenol and phenolic compounds on the Priority Pollutants List to be monitored
in the next years. Different techniques are used to determine phenolic derivates, such as spectroscopy
methods (Raman, infrared, colorimetry, fluorimetry), gas chromatography coupled with mass spectrometry,
electrochemical methods (capacitive, voltametric), and capillary electrophoresis, which are time-
consuming and require expensive equipment [1,2].

In the last years, versatile sensor technologies have been employed for air quality monitoring, each with
specific advantages and limitations. Due to their strong adsorption capacity, excellent electrical
conductivity and optical properties, graphene-based materials and conducting polymers-based materials are
considered high-potential sensing layers in the development of sensors for phenolic compounds [3]. Among
different sensors for phenol detection, spectrophotometric and fluorescence - based sensors which use
optical fibers demonstrated fast and accurate response [2]. Electrochemical gas sensors are also very
challenging due to their sensitivity, selectivity, and operation at room temperature. Thus, a voltammetric
sensor based on sodium polyacrylate was successfully used as electrochemical sensor for phenol detection
at room temperature [1].

Polyimides are high-performance polymers that possess excellent properties, such as high resistance to
extreme temperatures, good dielectric and mechanical properties, chemical stability, strong processibility,
biocompatibility, ease of deposition onto various substrates, and flexibility, leading to applications in
aerospace, medical, electronic devices, energy storage devices, or sensors (humidity, temperature and gas
sensors) [4]. For this reason, polyimides were used as matrix in the development of numerous polymer
composites. Hybrid materials show better characteristics than the aggregate of the inborn properties of the
individual material and essentially have usefulness that is absent in either of the individual materials.

Recently, our group developed molecular sensors based on polyimides containing hydroxy group grafted
on triphenylmethane core as receptor for the fluoride anion recognition [5]. Since phenols display good
affinity for halogenated derivatives, using tetrabutylammonium bromide (TBAB) dispersed in a polymer
matrix should enable the detection of the OH group from phenol by interaction with bromide anion from
the TBAB salt. The interaction of bromide anion with the polar segments in the polyimide and/or with the
carbonyl imide groups through dipole-ion bonds, may lead to film morphology and even hydrophobicity
changes. This may enable the overall increase of sensing ability of the hybrid material towards phenol
detection. Considering all these aspects, here we report the synthesis and characterization of a hybrid
material based on TBAB-as inorganic filler and a polyimide as polymer matrix, to be used as sensing

coating in interferometer sensors for phenol detection.
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2. Experimental

The synthesis of the polyimide matrix incorporating isopropylidene and ether group was made by a two-
step polycondensation reaction, starting from commercially monomers 4,4'-(4,4'-isopropylidenediphenyl-
1,1'-diyldioxy)-dianiline and 4.,4'-(4,4’-isopropylidene diphenoxy)-bis(phathlic anhydride) (BPADA),
which were mixed in N-methylpyrrolidone (NMP) at a concentration of 15%. In the first step, the two
monomers were mixed and stirred at room temperature for 16h to obtain the intermediary polyamidic acid
(PAA). In the second step, PAA was converted into the corresponding polyimide by cyclodehydration
reaction at high temperature (180°C) for 6h, under a strong flow of nitrogen, also used to eliminate the
water resulted from the process. Due to the presence of flexible ether and isopropylidene groups, the
polyimide exhibited a very good solubility, in polar solvents such as NMP, DMAc, DMF or DMSO, and
even in less polar solvent, such as CHCl; and THF. The increased processability in various solvents sustains
the good film-forming ability and further development of homogeneous films. To obtain hybrid material,
the polyimide was mixed with 10 w.t.% TBAB in CHCl;, followed by stirring at room temperature. A salt-
free polyimide solution was also prepared to be used as benchmark for the preliminary detection
measurements. Both solutions were further processed into thin coatings by drop casting onto glass/quartz
and SiO,, followed by solvent evaporation at room temperature. The pathway to obtain the hybrid
composite coating is presented in Figure 1.
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Figure 1. The schematic representation of the hybrid polyimide and photographs of the coatings obtained
onto Si/Si0,/glass/quartz/supports.

3. Results and discussion

The structural characterization of the polyimide matrix was performed by using 'H-NMR and FTIR
spectroscopies (Figure 2). Thus, in "TH-NMR spectrum, the absence of the signal corresponding to the amide
(~9.5-9 ppm) and carboxylic (~15—13 ppm) protons demonstrated the complete cyclodehydration reaction
of the intermediary polyamidic acid to the fully cyclized imide form. The aliphatic protons were identified
in the range of 1.76—1.71 ppm, while the aromatic ones were found at 7.91-6.99 ppm. FTIR spectroscopy
also evidenced the formation of the imide cycle by the absorption bands found at 1778 and 1722 cm™ (C=0
symmetric and asymmetric stretching vibrations), at 1374 cm™ (C—N stretching) and at 744 cm™ (imide
ring deformation). Other functional groups were found at 1237 cm™! (aromatic ether groups), 2968 and 2875
cm™! (C-H aromatic linkage).

The detection studies have been performed by using UV-Vis, fluorescence, FTIR and contact angle
measurements, before and after exposure to phenol. The UV-Vis absorption spectra showed the appearance
of new absorption bands (at 216 nm and 271 nm), which gradually increased after exposure to phenol. In
the case of the polyimide benchmark, no specific bands associated with phenol adsorption were observed.
The fluorescence spectroscopy evidenced a shift (from 400 nm to 382 nm) and a decrease in the emission
band maximum after the sensitive coating interacted with phenol.
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Figure 2. (a) "H-NMR spectrum, and (b) FTIR spectrum of
polyimide matrix containing isopropylidene and ether units.
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FTIR spectra revealed that after several minutes of exposure to phenol, a broad band appeared at about
3350 cm™! which was associated with the stretching vibration of the -OH group from phenol. Also, the
formation of hydrogen bonds with the carbonyl group from the imide matrix, together with a slight shift
and change in intensity of the C=0 imide absorption band was observed, which confirmed the presence of
adsorbed phenol in the hybrid material. Contact angle measurements showed a decrease in the value after
exposure to phenol vapours from 43 to 29°, which indicates an increase of the coating wettability as a
consequence of phenol adsorption.

4. Conclusions

A hybrid polyimide material was developed to be used as sensing coating material in phenol detection. The
flexible structure of the polyimide matrix enabled mixing with 10 w.t.% TBAB in low boiling solvent,
which further allowed generation of homogenous thin coatings on various substrates. The preliminary
results showed changes in UV-Vis and FTIR spectra which indicate strong interactions of phenol with both
polyimide and TBAB, most likely due to ion-dipole interactions between the -OH group of phenol and
TBAB, but also hydrogen interactions of Phenolic OH with carbonyl imide group. Contact angle
measurements supported the adsorption of phenol in the coating material, leading to an increased the
hydrophilicity. Therefore, the obtained polyimide hybrid can be regarded as a potential candidate to be
further tested as sensitive layer in sensors for phenol detection.
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1. Introduction

Self-healing hydrogels are smart three-dimensional chemical or physical reversible networks that are
distinguished by the ability to recover their structure after the action of external forces and restore the
original shape and functionality. Stimuli-responsive systems that exhibit self-healing characteristics have
received attention for the development of various scaffolds used especially in the biomedical fields such as
tissue engineering, wound dressings, drug carriers and so on [1-3].

In order to obtain new biocompatible hydrogels with antimicrobial and antioxidant characteristics, many
researchers explored the specific interactions between polymer chains and peptides. By combining the
amphiphilic polyurethane structures with self-assembly blocks with peptide sequences, novel gels could be
designed as drug carriers for targeted delivery. Thus, different polyurethane-peptide systems have been
formulated, to induce the bioactivity [4,5] or to control the degradation [6,7] of the material.

The aim of this study was to prepare novel thermoreversible amphiphilic polyurethane/peptide-based
hydrogels that could function as a platform for sustained release of various drugs or biomolecules in
physiological conditions.

2. Experimental

The amphiphilic polyurethane (APU) was synthesized by the classical polyaddition reaction, using one
equivalent of Pluronic P123, as soft segment, and two equivalents of 1,6-hexamethylene diisocyanate (HDI)
as hard segments. The composite polyurethane/peptide-based hydrogels were obtained by mixing an
aqueous solution of 20% APU with DVCYYASR peptide (PEP) solutions in a mass ratio of APU: PEP =
1000:1; 500:1; 250:1 (denoted as S1, S2 and S3, respectively). All samples were analyzed in similar
conditions with the polyurethane sample, denoted APU.

The thermostated gels at 37°C were investigated in different shear conditions. A thixotropy test was carried
out in strain steps oscillatory mode for @ = 5 rad/s and step strains successively varied every 300 s from
low (1%) to high values (50%, 100%, 200%, 500%, and 1000%) and again the low step of strain (1%). The
creep and recovery behaviors were analyzed by applying different constant shear stress values during the
creep test (30 s), followed by the shear stress removal. The strain recovery was monitored in time.

3. Results and discussion

The self-healing ability of the hydrogels was analyzed by performing rheological tests to assess the structure
recovery. The thixotropy of the hydrogel samples was analyzed in oscillatory shear conditions for ® = 5
rad/s, when step strains were applied successively for 5 minutes. Firstly, a low amplitude strain (y = 1%, in
the linear range of viscoelasticity) was applied, followed by a high amplitude deformation and again the
low strain value was selected (y = 1%). The high strain values for the step 2 were selected in the nonlinear
viscoelastic regime: 50%, 100%, 200%, 500%, and 1000%. During these experiments, the viscoelastic
parameters G’, G” and tand were monitored as a function of time (Figure 1). Polyurethane sample (APU),
which includes only polymer in its composition, presented very good recovery after the first three cycles
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of deformation. The required time to recover the initial structure is higher as the strain increases, from 30 s
after the first cycle, at y = 50% to 200 s after the fourth cycle (y = 500%). For high values of deformation,
the structure recovery is delayed and the initial values of the rheological parameters (corresponding to the
rest state) are reached during more than 2000 s.

After shearing in various conditions of deformation, for the hybrid APU/peptide hydrogels the recovery of
the network structure after every cycle of deformation is also a time-dependent process, but it is completed
after 300 s. However, the structural integrity is less affected by the high strains applied in the case of
peptide-containing systems compared to the pure polyurethane (sample APU). The hydrophobic
interactions and hydrogen bonds responsible for the formation of network structure are reestablished
relatively quickly, in about 300 s.
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Figure 1. (a) The elastic modulus G’ for sample S3during the thixotropy experiments at successive low,
high and low strain steps applied every 300 s; (b) self-healing efficiency (SH, %).

By considering the self-healing ability, the optimum behavior for the gels investigated in the present study
is shown by formulation S3. In this case, the gelation starts at room temperature, the network strength is
close to the S3 formulation, but the structure recovery occurs in 300 s after the sample was subjected to
several cycles of large deformations (Figure 1).

The viscoelasticity of the hydrogels can also be revealed through the creep and recovery tests (Figure 2).
The gels were submitted to constant shear stress (o) for t =30 s, and a time-dependent strain (t) is registered.
During the creep test, y(t) is correlated with the creep compliance, J(t) (Figure 2b). Then, after 30 s the
shear stress is removed and the recovered strain is followed until the equilibrium state is attained (Figure
2a). A remarkable behavior was observed for the investigated hydrogels, they show only instantaneous
elastic deformation and delayed elastic deformation [7], the viscous component being negligible.

0.04 creep elastic recovery 002

y
(%)
003 elasticity ——APU J()
e (1/Pa)

—S2
—S3 0.01

0.02

001

0.00

0 30 60 90 120 150 180
time (s) 0 10 0 ftime(s) °

Figure 2. The behavior of hydrogel samples (APU, S1, S2 and S3) (a) creep and elastic recovery; (b) J(t)
variation during creep tests [7].
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4. Conclusions

The self-healing ability of the thermoreversible polyurethane hydrogels was investigated by performing
rheological tests in various shear conditions that offer information concerning the viscoelastic behavior and
the structure recovery after applying high values of strain. The complete recovery of the rheological
parameters corresponding to the rest state after removing the repetitive action of high strain demonstrates
the stability and of network and reversible behavior of hybrid gels when it is submitted to external
deformations. This excellent self-healing ability was attributed to the physical interactions established into
the micellar network between the polyurethane functional groups and peptide molecules that enable the
structural entities to quickly reorganize as a function of the deformation state.

The results demonstrated that the hybrid polymer/peptide hydrogels present a great potential as carriers for
the targeted delivery of hydrophobic drugs or biologically active peptides. Therefore, the study provides a
new method for the development of tailored medical devices by using minimally invasive procedures.

References

[1]. Pathan N, Shende P. Strategic conceptualization and potential of self-healing polymers in biomedical field. Mater.
Sci. Eng. C. 125, 112099, 2021.

[2]. Rumon MMH, Akib AA, Sultana F, Moniruzzaman M, Niloy MS, Shakil MS, Roy CK. Self-healing hydrogels:
development, biomedical applications, and challenges. Polymers. 14, 4539, 2022.

[3]. Lupu A, Gradinaru LM, Rusu D, Bercea M. Self-healing of Pluronic® F127 hydrogels in the presence of various
polysaccharides. Gels. 9, 719, 2023.

[4]. Aluri R, Jayakannan M. Development of tyrosine-based enzyme-responsive amphiphilic poly(ester-urethane)
nanocarriers for multiple drug delivery to cancer cells. Biomacromolecules. 18, 189-200, 2017.

[5]. Ding X, Chin W, Lee CN, Hedrick JL, Yang YY. Peptide-functionalized polyurethane coatings prepared via
grafting-to strategy to selectively promote endothelialization. Adv. Healthc. Mater. 7, 1700944, 2018.

[6]. Benhardt H, Sears N, Touchet, T, Cosgriff-Hernandez E. Synthesis of collagenase-sensitive polyureas for
ligament tissue engineering. Macromol. Biosci. 11, 1020-1030, 2011.

[7]. Gradinaru LM, Bercea M, Lupu A, Gradinaru VR. Development of polyurethane/peptide-based carriers with self-
healing properties. Polymers. 15, 1697, 2023.




5 Progress in Organic and Macromolecular Compounds
(MACRO lasi) 2025 - . 0" z et

POLY(2-OXAZOLINE)S CONJUGATED WITH CHELATORS
FOR THE DESTRUCTION OF BACTERIAL CELL MEMBRANES

Marcelina Bochenek,' Barbara Mendrek,'* Wojciech Walach,' Aleksander Forys,'
Jerzy Kubacki,? Lukasz Jalowiecki,® Jacek Borgulat,® Grazyna Plaza,*
Agnieszka Klama-Baryla,® Anna Sitkowska,® Agnieszka Kowalczuk,'
Natalia Oleszko-Torbus'

'Centre of Polymer and Carbon Materials, Polish Academy of Sciences, Zabrze, Poland
2A. Chelkowski Institute of Physics, University of Silesia in Katowice, Chorzow, Poland
3Institute for Ecology of Industrial Areas, Katowice, Poland

*Faculty of Organization and Management, Silesian University of Technology, Zabrze, Poland
3Dr. Stanislaw Sakiel Center for Burn Treatment, Siemianowice Slaskie, Poland
*bmendrek(@cmpw-pan.pl

1. Introduction

In the face of a recent epidemiological threat, researchers have expressed increasing interest in chemical
compounds with disinfecting and antiseptic activities. Particularly interesting are antibacterial polymers, as
they exhibit high stability, non-volatility, resistance to leaching and lack of permeability through the skin
into the body.

The Gram-negative bacterial outer membrane (OM) is rich in phospholipids and predominantly composed
of polyanionic molecules known as lipopolysaccharides (LPS). Within the OM, the repulsive forces arising
from accumulation of the negative charges are screened and bridged by divalent cations (Ca*" and Mg?"),
which is crucial to preserve the integrity of the membrane. The trapping of various ions (including calcium
or magnesium) by low molecular weight chelates (e.g. EDTA, DTPA and others) disrupts membrane
permeability, thus reducing the growth of bacteria.

The goal of these studies is to develop a new, stable and metal-free polymer with antibacterial activity. The
work includes the synthesis of the 2-oxazoline copolymer and its conjugation with 1,4,7,10-
tetraazacyclododecane-N,N’,N” ,N"’-tetraacetic acid (DOTA) chelating agent, detailed characterization of
the conjugate, taking into account its behavior in aqueous solutions and its ability to capture calcium ions.

2. Results and discussion

The polymeric precursor (POx) with a random microstructure, consisting of 2-ethyl-2-oxazoline (EtOx)
and 2-(3-butenyl)-2-oxazoline (ButEnOx), was obtained via cationic ring opening polymerization. The
copolymer of the composition EtOx : ButEnOx = 73:27 mol% was obtained, which was consistent with the
feed. A large excess of EtOx in the copolymer ensured its solubility in water, while through vinyl double
bonds present in the ButEnOx substituent it was possible to modify the macromolecules by means of a
“thio-click” reaction.

POx molar mass measured using SEC-MALLS was equal M, = 11 700 g/mol, B = 1.07. POx was soluble
in water, and its aqueous solution (¢ = 5 mg mL™") exhibited thermoresponsive behavior based on UV-Vis
spectrometry measurements of the cloud point temperature (Tcp = 38 °C). POx was further modified via

the radical addition of cysteamine onto vinyl double bonds of ButEnOx substituents (“thio-click”) (Figure
1). The macromolecule containing 14 mol% of units substituted with pendant primary amino groups was
obtained (denoted as POx-NH;). SEC-MALLS analysis revealed a monomodal and low dispersity of POx-
NH: (b = 1.07), suggesting that a well-defined copolymer with good control was obtained. POx-NH; was
soluble in water and due to cysteamine incorporation its Tcp increased to 50 °C, compared to that of the
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copolymer before modification.
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Figure 1. Scheme of POx modification.

In the final step, POx-NH, was modified with the monoactivated DOTA (DOTA-NHS) chelating agent
(Figure 1). The conjugate POx-DOTA was obtained by amide bond formation between the N-
hydroxysuccinimide ester of monoactivated DOTA and amino groups of the copolymer POx-NHo,.
Attachment of DOTA to POx-NH; was confirmed by '*C NMR. A monomodal molar mass distribution
with low dispersity (P = 1.18) was observed for POx-DOTA, indicating that no side reactions took place
during the modification (Figure 2).

r ¥ T ¥ T ¥ T ® T ¥ T % T X T

20 22 24 26 28 30 32 34
elution time {(min)

Figure 2. RI trace of POx-DOTA (SEC-MALLS, DMF, ImL/min).

The conjugate was characterized in aqueous solutions. The POx-DOTA conjugate formed two populations
of nanostructures in the aqueous solution, with hydrodynamic diameter (Dp,) values of 6 nm and 160 nm,
respectively (based on dynamic light scattering (DLS) studies). The smaller population of particles
observed in DLS is most likely attributed to individual chains (unimers), while the bigger population
consists of aggregated structures.

The obtained POx-DOTA was analyzed in terms of its ability to trap metal ions. The capacity of the
conjugate to chelate model Ca*" was determined, since these cations are involved in the stabilization of the
bacterial OM, and their uptake would cause disintegration of the cell membrane. Complexometric titrations
were used to quantify the chelating capacity of POx-DOTA. The POx-DOTA chelation efficiency was 49%
(£4). For comparison, the chelation efficiency of poly(2-ethyl-2-oxazoline) (PEtOx, a polymer without the
chelating compounds) was 5% (+4), while free DOTA entrapped over 90 mol% of Ca?*. Most likely, free
DOTA has better access to Ca*" in the solution than DOTA bound to the polymer chains.
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Preliminary studies on the interactions of POx-DOTA with model Gram-negative bacterial strains E. coli
and P. aeruginosa were carried out and also followed by cryo-TEM microscopy. Throughout the culture of
E. coli in the presence of POx-DOTA, the number of bacterial colonies remained unchanged at around 1 %
107 CFU/mL with time (up to 16 hours), as confirmed by microbiological test. This means that bacteria did
not multiply in the presence of POx-DOTA, indicating that the conjugate exhibited bacteriostatic properties.
The same trend was observed for the culture of P. aeruginosa. In this case, the number of bacterial colonies
remained unchanged at around 9 x 107 CFU/mL throughout the culture (up to 16 hours) in the presence of
POx-DOTA. Cryo-TEM images showed no damage in bacterial cells membrane up to 4 hours of incubation
with POx-DOTA. Afterwards, polymeric spherical structures adhered to the bacterial membrane and the
distortion of the cell was noted. The rumples in the membrane could be seen and the bacteria begin to lose
their original morphology. Further incubation resulted in the disruption of the bacterial cell membrane.

3. Conclusions

A new, stable and metal-free polymeric conjugate with bacteriostatic properties was developed. It consisted
of the copolymer of 2-ethyl-2-oxazoline and 2-(3-butenyl)-2-oxazoline coupled with the chelating agent
DOTA. For the first time, the POx-DOTA conjugate containing a chelating compound in the side chains
was prepared. POx-DOTA conjugate was able to chelate Ca*" ions with good efficiency. /With the use of
cryo-TEM, the changes in the morphology of E. coli were observed upon incubation with POx-DOTA:
waving of the membrane followed by its deformation. It was found that POx-DOTA exhibited bacteriostatic
properties.

It was shown that obtained chelate-functionalized poly(2-oxazoline) system is capable of affecting bacterial
cell membranes. Based on these preliminary studies, we believe that the obtained conjugate will be a
precursor for a new family of effective polymeric materials with antimicrobial activity.
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1. Introduction

Peppermint (Mentha piperita L.) is a widespread aromatic plant exploited globally and used in a broad
array of applications. Except its strong characteristic flavor, which is due to menthol, menthone and other
monoterpenoids, peppermint plant contains many nonvolatile secondary metabolites that display important
biological activities and represent valuable pharmaceutical and nutraceutical components [1]. Among the
most relevant compounds found in peppermint, organic acids of triterpenic and phenolic structure come
into focus, due to their complementary bioactivity profile and relative high abundance in the plant material.
We focus in the current study oleanolic (OA), ursolic (UA) and pomolic (PA) triterpenic acids, as well as
rosmarinic (RA) acid of polyphenolic structure (Figure 1).

» Oleanolic acid ", Ursolic acid ", Pomolic acid OH Rosmarinic acid

Figure 1. Chemical structures of natural acids quantified in the extract of peppermint.

Their quantitative determination in peppermint plant and derived products represents a relevant issue for
quality assessment and we demonstrate a convenient 2D NMR HSQC approach based on an internal
standard method with relative calibration. In order to verify the accuracy of the obtained results, an
alternative analytical method based on RP HPLC was employed for comparison.

2. Experimental

The peppermint plant material (Mentha piperita L.) was collected in the period of July-August 2021 in the
Stauceni area of the Republic of Moldova (47°05'15"N, 28°52'13"E), then dried in a shade to constant
weight and further extracted for 2 hours with EtOH 70% at 60 °C on periodic (3 x 15 min) ultrasonic
irradiations. The obtained extracts have been filtered, evaporated to dryness under vacuum on a Heidolph
rotary evaporator and stored in the refrigerator at -20 °C.

NMR spectra have been recorded on a Bruker Avance 11 spectrometer (400.13 and 100.61 MHz) in DMSO-
ds. NMR data processing, including T1 and s/n determinations, was performed with TopSpin 3.7.0 NMR
software (Bruker). The chromatograms were sprayed with 0.1% solution of cerium (IV) sulfate in 2N
sulfuric acid, and heated at 80 °C for 5 min to detect the spots. All reagents, including ethylacetate, HPLC
and NMR solvents and have been purchased at Sigma-Aldrich and used as received. Ethanol was delivered
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by Eladum Pharma SRL. Reagent grade OA was purchased at Sigma-Aldrich, pure UA was prepared from
lavender extract as described [2], pure PA and RA were separated from a natural lavender extract.

The content of OA, UA, PA and RA in the reference samples was determined by quantitative 'H NMR on
using methyl 4-nitrobenzoate as an internal standard. HPLC analysis was performed on an Agilent HPLC
system consisting of a 1200 series quaternary pump and degasser, 1100 series autosampler and UV detector,
Agilent ChemStation for LC System. Separations were performed at 22 °C on a Zorbax Eclipse PAH
column packed with 3.5 um particles, 100°A pore diameter, 150 x 4.6 mm LTxID equipped with a guard
column of the same material (5 um particle size, 12.5 mm X 4.6 mm LT x ID) (Agilent Technologies). A
gradient elution was applied, starting from 40% methanol (solvent A) — 60% water (0.6%AcOH) (solvent
B) to 100% solvent A. The flow rate was kept at 0.8 mL min!, detection was performed at 210 nm and the
injection volume was 2.5 pL. The calibration curves have been drawn basing on mixtures of OA, UA, PA
and RA of known concentrations within the range of 15-250 pg mL™! (0.03—0.55 mM) in pure methanol.
The R2 values were 0.9999, 0.9997 and 1.0 for OA, UA and PA, respectively. Samples of peppermint
extracts were diluted accordingly to fit the dynamic linear range of the regression line. All measurements
were performed in triplicates.

3. Results and discussion

Homologation of aromatic plants varieties and industrial handling of raw extracts derived from the vegetal
material requires a rigorous analytical investigation, targeting both the most abundant and minor
components. Along with chromatographical methods, quantitative NMR represents a valuable tool
demonstrating significant developments in the last decade. '"H NMR is by far the most reported method for
quantitative NMR assessment in diverse metabolomic studies. Unfortunately, for a rigorous quantification
of secondary metabolites in the complex analytical matrix of natural product extracts, the resolution of 'H
gNMR is not sufficient, even with modern strong magnets. In this case several two-dimensional NMR
experiments like COSY, TOCSY or HSQC provide handy solutions, due to the deployment of spectral data
in the second dimension with an excellent resolving power. In our hands, the investigated extract of
peppermint showed a strongly overlapping "H NMR spectrum, making quantification of bioactive organic
acids non feasible (Figure 2a).
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Figure 2. '"H NMR (a) and HSQC (b) spectra of the investigated peppermint extract.

On the contrary, the HSQC spectrum (Figure 2b) showed an excellent base-line resolution of selected cross-
peaks for RA at 7.4-144.9 ppm, OA at 5.2-121.9 ppm, UA at 5.1-124.9 ppm and PA at 5.2-127.1 ppm.
Identification of the selected peaks was performed on the basis of the HSQC spectra of pure compounds.
The quantification was achieved according to a relative calibration method on using the methyl 4-
nitrobenzoate as the internal standard (IS), showing well separated peaks at 8.2-131.2 and 8.4-124.3 ppm.
The determined content of the acids in the crude extract is represented in the Table 1. It also integrates the
corresponding content of the acids as determined by a parallel HPLC analysis of the same extract. It is
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noteworthy mentioning that HPLC analysis turned out to be problematic, due to several experimental

hurdles. First of all, the separation of isomeric oleanolic and ursolic acids is very difficult and a satisfactory
resolution could only be achieved on a specific PAH RP column, which required additional investments.
Besides, the triterpenic acids have weak UV absorption and their detection was performed at 210 nm. At
this wavelength application of a broad elution gradient results in a strong baseline drift that negatively
affects separation signal-to-noise ratio, as it is illustrated in Figure 3. A more rigorous approach would
include separate chromatographic runs for rosmarinic acid, which selectively absorbs at 330 nm and
application of a slower gradient for quantification of triterpenic acids with detection at 210 nm. This
approach is more time consuming and the described 2D NMR protocol has definitely a clear advantage.

i
Table 1. Content of organic * o
acids in peppermint extract, % 0% | l‘\l ‘ ‘
I |
Method Aol
Acid etho 7 | haAN ‘
HSQC HPLC A
04— BN
RA 9.1 7.3 RN ‘ ‘ )
OA 1.9 1.9 s Sy | \‘
UA 4.8 7.3 gl | |
PA 0.9 0.6 = / [

Figure 3. HPLC chromatogram of the crude peppermint extract.
4. Conclusions

The application of a 2D quantitative NMR procedure allowed for an accurate simultaneous determination
of the selected bioactive organic acids in a peppermint extract. The analytical procedure is simple and
robust, providing data in a close agreement to the more traditional HPLC method. Due to the advent of
compact NMR equipment, the proposed analytical protocol can be integrated into the current practice of
any analytical laboratory for the proper estimation of the quality of peppermint vegetal material or derived
extracts for broader industrial applications.
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1. Introduction

In the last years the global warming has changed in a significant way the weather all over the world by
modifying the length of seasons and the rainfall patterns, the melting of glaciers, the raising of the sea levels
and causing waters in some regions. Greenhouse gases present in the atmosphere capture the heat from the
sun rising the atmospheric temperature. Carbon dioxide (CO>) represents 80% of these GHGs being a major
contributor to global warming. Because of the progressive increase of the greenhouse gases, especially of
the CO; caused by the anthropogenic activities, such as urbanization, deforestation, and excessive use of
fossil fuels, the global warming and the climate change became one of the greatest issues today. This
requires urgent practical and economical ways of projecting the best conditions for CO, capture processes.
According to the data obtained from the Mauna Loa station, the value of this parameter is increasing: 425.25
ppm in 07.2024 and 427,87 ppm in 07.2025 (Figure 1) [1]. This situation has led to efforts being dedicated
to the capture and storage of CO, from atmosphere. Gas separation using new silsesquioxanes-hybrid
materials (POSS) seems to be attractive due to its low energy requirement and simplicity of operation.

Recent Monthly Mean CO; at Mauna Loa Observatory
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Figure 1. Monthly mean CO; measured at Mauna Loa Observatory, Hawaii [1]
(red lines: monthly mean values; black lines: corrected monthly mean values).

An easy method used to obtain multifunctional POSS materials starting from octavinyl-T8-silsesquioxane
(V-PS) is the thiol-ene reaction because of its special characteristics, such as quick reaction rates, high
oxygen and water allowance, moderate reaction conditions, low-price catalysts, high yield. Multicarboxy
functionalized POSS are of interest due to their potential use in supramolecular chemistry and crystal
engineering. In this study, octakis-carboxy T8-silsesquioxane monomers were synthesized via the photo-
induced thiol-ene reaction of V-PS and thioalkylcarboxylic acids, and after, their transition metal
complexes were obtained, confirmed, characterized and applied as new hybrid materials for selective CO»
capture. The new silsesquioxanes based materials will be used in environmental applications as active
materials with user-controlled adaptability for integrated management of the CO, gas separation. The
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efficient capture of CO; due to the logical design of new silsesquioxanes-materials with enriched
functionality represents a relevant step in diminishing CO» emissions.

2. Experimental

Silsesquioxanes hybrids based materials were prepared using the photo-induced thiol-ene reaction (Figure
2). The products as white (hybrid ligands) and colored powders (complexes) were analyzed and
characterized in terms of physical, mechanical, morphological (SEM), infrared and moisture, N, and CO»
sorption properties, thermal stability. The CO, capture property of the materials can be improved. The new
POSS-materials with heteroatom doping as efficient adsorbents for the selective capture of CO,, represent
a good solution for effective CO, mitigation.

Materials: Octavinyl-T8-silsesquioxane (V-PS); 3-mercaptopropionic acid (MPA); thioglicolic acid (TGA)
from TCI Chemicals; 2,2-dimethoxy-2-phenylacetophenone (DMPA); tetrahydrofurane, ethylacetate,
acetone, copper chloride (CuCl,) from Sigma-Aldrich.

Equipments: The NMR spectra were recorded on a 400 MHz Bruker spectrometer, in CD3OD-d4 or D,O,
at room temperature. The IR spectra were registered on Bruker Vertex 70 FT-IR equipment in transmission
mode, in the 400-4000 cm™' range, with a resolution 2 cm™! and 32 scans, at room temperature (Figure 3).
SEM images were taken on the products obtained as such. The moisture sorption capacity of the materials
has been studied using the IGAsorp analyzer made by Hiden Analytical, Warrington (UK).

3. Results and discussion

The continuous requirement for new hybrid materials in environmental applications motivates the scientists
in the progress of new active strategies. The efficient capture of CO, due to the logical design of new
materials based on silsesquioxanes with enriched functionality represents an important step in increasing
the CO, emissions. New hybrid materials (octakis(carboxyalkyl-thioalkyl)silsesquioxanes) were
synthesized by using click photo-induced thiol-ene addition reaction between octavinyl-T8-silsesquioxane
and thioalkylcarboxylic acids next to some of their transition metal complexes. The newly obtained
materials were characterized and applied for selective CO; capture.
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Figure 2. Schematic representation of (a) Silsesquioxanes functionalized with carboxyl groups
as ligands (PSx); (b) And of the Cu-PS1 complexes.

In the FTIR spectra of hybrid silsesquioxanes ligands (Figure 3) the most useful characteristic bands are
assigned to the asymmetric and symmetric stretching vibrations of COO-. The frequencies of these bands
are responsive to the coordination modes of the carboxylate groups: ionic, monodentate, bidentate chelating
or bidentate bridging coordination. As a result of coordination, the band at ~1710 cm™ in FTIR spectrum
of PS assigned to the carboxylic acid C=O stretching vibration disappeared in FTIR spectra of the metal
complexes, and a new strong band attributed to v,(COO") at around 1581 cm! can be observed.
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Figure 3. (a) FTIR, (b) '"H-NMR spectra of carboxy functionalized silsesquioxanes PS1 and PS2.
4. Conclusions

New silsesquioxanes based materials were obtained using photo-induced thiol-ene reaction in order to be
used for environmental applications, as active materials with user-controlled adaptability for integrated
management of the CO, gas separation. The obtained materials and their transition metal complexes were
confirmed, characterized and applied as new hybrid materials for selective CO; capture. The CO; capture
property attributed to the materials’ high microporosity and well-dispersed sulfur functionality throughout
the carbon framework of the material can be adjusted. The new POSS-materials with heteroatom doping
represent a good and valuable solution for effective CO» diminution.
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1. Introduction

Aerogels possess a unique combination of properties, including a large surface area, high porosity, ultralight
weight, low thermal conductivity, and excellent thermal and chemical stability, that make them highly
attractive for applications such as thermal insulation, energy storage, pollutant adsorption, and catalyst
support. To tailor aerogels for these diverse functions, recent research has increasingly focused on
engineering their physicochemical characteristics by precisely manipulating the composition of building
blocks, tuning pore architecture, and enhancing interfacial interactions. The synergistic integration of these
structural elements has guided the advancing in the design and fabrication of next-generation, high-
performance aerogels [1].

Our objective is to design aerogels as macroporous matrices for further used as supports for immobilizing
photocatalysts, aiming to prevent catalyst leaching, increase the catalyst-loading capacity, and improve
mass transfer. Unlike densely packed photocatalyst films, embedding photocatalysts within aerogels can
significantly boost photocatalytic efficiency [2]. Additionally, compared to conventional polymer—
photocatalyst nanocomposites, which are typically submerged in water and suffer from reduced light
exposure underwater decreasing thus their photocatalytic performance, our approach focuses on creating
floatable substrates. By positioning the nanocomposites at the air—water interface, they can fully harness
solar radiation, benefit from higher oxygen availability promoting radical generation and oxidation
reactions and enable more efficient photocatalytic process.

Cellulose nanofibers, with diameters of 4-100 nm and lengths of several micrometers, serve as excellent
building blocks for aerogels due to their high crystallinity, biocompatibility, mechanical strength, low
density, and versatile surface chemistry. Their high aspect ratio and entangled network enable the formation
of ultralight, porous structures. To improve mechanical stability, chemical crosslinking is often applied,
strengthening the network while also allowing surface wettability to be tailored. For instance, crosslinkers
like epichlorohydrin and organoalkoxysilanes can impart hydrophilic or hydrophobic properties, enabling
multifunctional aerogel designs [3].

To fabricate ultralight, floatable aerogels, cellulose nanofibers (CNFs) were hybridized with an
organoalkoxysilane derivative, poly(vinyltrimethoxysilane) (PVTMS). Controlled hydrolysis and
condensation of PVTMS generated hydrophilic silanol groups (Si—OH), which formed strong interfacial
bonds with the CNF network, ensuring crosslinking of the network and enhancing the mechanical strength
of the resulting hybrid aerogels. Concurrently, polycondensation produced polyvinylsilsesquioxane
(PVSQ) within and on the surface of the CNF network. This modification introduced siloxane groups (Si—
O-Si) on the CNFs surface transforming the inherently hydrophilic cellulose aerogels into hydrophobic
structures with improved moisture stability.

2. Results and discussion

Cellulose nanofibers (CNFs) used in the aerogel network were obtained through a combination of chemical
pre-treatments (alkaline—acid hydrolysis), physical treatment (ultrasonication), and TEMPO-mediated
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oxidation, as illustrated in Figure 1. This oxidation selectively converts the primary hydroxyl groups of

cellulose into carboxyl groups, introducing anionic functionalities that enhance electrostatic repulsion and
prevent fibril aggregation, thereby improving dispersion. Following oxidation, the cellulose was
mechanically processed - via homogenization, microfluidization, or fibrillation - to yield nanoscale fibers.
Various cellulose sources with different degrees of polymerization were tested for CNF extraction: cotton
linters (CL, DP = 465), microcrystalline cellulose (MCC, Avicel PH-101, DP = 140), alpha cellulose (o-
CEL, DP = 950), and eucalyptus cellulose (EYPT, DP = 2742). The resulting CNFs were extensively
characterized using zeta potential analysis, FTIR, TEM, XRD, and quantification of carboxyl group content.

0.1m NaOH, 0.1M HCl hydrolysis
ultrasonic treatment
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Figure 1. Schematic representation of the CNFs preparation process.

Poly(vinyltrimethoxysilane) (PVTMS) was synthesized via free radical polymerization of
vinyltrimethoxysilane using di-tert-butyl peroxide as the radical initiator (Figure 2). The chemical structure
of the resulting polymer was confirmed by 'H NMR spectroscopy, and its molecular weight was determined
by gel permeation chromatography (GPC).
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Figure 2. Synthetic routes of polysiloxane via free-radical polymerization and hydrolytic
polycondensation along with the hybridization of cellulose nanofibers.

Ultralight, highly porous, and floatable aerogels were prepared as follows: an aqueous dispersion of
cellulose nanofibers (CNFs) was mixed with a siloxane sol solution of poly(vinyltrimethoxysilane)
(PVTMS) to form a homogeneous mixture. Acetic acid was then added to initiate hydrolysis, promoting
hydrogen bonding between the hydrophilic silanol groups (Si~OH) and the hydroxyl groups (—OH) on the

CNF surface (Figure 2). Subsequent freezing and freeze-drying induced polycondensation, forming
polyvinylpolysilsesquioxane on the CNF nanofiber network. This process resulted in ultralight, floatable
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aerogels, as shown in Figure 3. The synthesized aerogels were characterized by FTIR spectroscopy and
SEM/EDX analysis to evaluate CNF-PVTMS interactions, morphology, and structural homogeneity.

Figure 3. Photos of the prepared aerogels demonstrating their (a) ultralight character and
(b) floatability on water.

4. Conclusions

Floatable, ultralight aerogels with high porosity were successfully developed by hybridizing cellulose
nanofibers prepared in our laboratory with PVTMS, followed by hydrolysis and polycondensation
processes. The resulting hybrid aerogels exhibited enhanced moisture stability and structural integrity,
confirmed by FTIR and SEM/EDX analyses.
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1. Introduction

Tissue engineering scaffolds have to adapt to the morphology of the targeted tissue or organ, possess a
three-dimensional porous architecture with controlled design, degradation, and bioadhesive properties to
promote cellular migration and proliferation, exhibiting suitable mechanical properties to uphold structural
integrity and strength [1]. In this regard, 3D printing processes can be obtained biomimetic scaffolds for
tissue engineering, extrusion technology being the most used method. Along with the printing method,
choosing the appropriate polymeric ink is an important step [2]. All (bio)inks must possess
biocompatibility, biodegradability, and appropriate rheological properties for extrusion and structural
integrity. Gelatin is a common biopolymer for 3D-printed scaffolds due to its biocompatibility,
biodegradability, and Arg-Gly-Asp (RGD) amino acid sequence, which enhances cellular attachment.
Xanthan, a heteropolysaccharide, improves (bio)ink's rheology and mechanics along with gelatin [3]. For
the development of this study was used gelatin, xanthan gum, and their chemically modified form (GelMA
and XGMA) to formulate inks for soft tissue engineering scaffolds. Subsequent to fabrication, the scaffolds
were evaluated for morphology, physicochemical characteristics, and biological interactions to determine
their tissue engineering applicability.

2. Experimental

The structures of the biopolymers, gelatin and xanthan gum, were modified in accordance with the protocol
established by Camci-Unal [5], with certain modifications to the methodology. In order to obtain the
scaffolds, various polymeric inks were synthesized by combining gelatin and xanthan gum in different form
and amounts. Formulations were based on two polymeric solutions of methacrylated gelatin (20%) solution
and xanthan methacrylated (1%), riboflavin as a crosslinking agent and LAP as a photocrosslinking
initiator. The prepared inks were added into the printer's syringes and subsequently extruded using a Cellnk
(bio)printer employing a selected digital model within the printer software. During the printing process,
each deposited layer was crosslinked utilizing the printer's UV lamp (A = 365 nm). Then, the scaffolds were
freeze-dried for subsequent characterization.

3. Results and discussion

Scaffolds characterization: Scaffolds were characterized through different methods, including: FT-IR
spectroscopy, morphology, swelling degree, degradation and their compatibility with cell cultures. Figure
1 presents the Gel/GelMA XG/XGMA FT-IR data table, gelatin being identifiable through the
characteristic protein bands: amide 1 (1658 cm™), amide II (1542 ¢m™), and amide I1I (1243 cm™). The
scaffolds exhibit N-H group specific bands at 3467 cm™ corresponding to amide A and C-H group specific
bands at 2933 ¢cm! associated to the amide B. Bands at 3492 cm™', 1646 cm™' (indicative of the carbonyl
group), 1330 cm™' (associated with COO" groups), and 1070 cm™' (related to ether groups) is also
observable. The absorptions at 3567 cm™! were attributed to the stretching of the amino (-NH>) and hydroxyl
(-OH) groups in the methacrylated xanthan gum and methacrylated gelatin within the GeIMA XGMA
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scaffolds. The morphological analysis of the scaffolds highlighted their shape. It was found that the
scaffolds preserved their structural integrity.

Gel XGsosa) GeIMA_XGMA(S0/580)
- - -

Characteristic groups Peak

-NH:2 3567 cm’!

Amide A 3467 cm’!
Amide B 2933 cm’!
Amide I 1658 cm’!

-C=0 1646 cm’!

Amide II 1542 cm!
Amide ITI 1243 cm!
COO- 1330 cm’!

Tom b

Figure 1. FT-IR and optical microscopy results for scaffolds based on XG/XMA_Gel/GeIMA.

The interaction of scaffolds with simulated biological fluids and their water absorption capacity are critical
factors for their application in the medical field. According to the Table 1, scaffolds based on chemically
modified polymers, presented higher absorption capacity over time, reaching over 250% after 24 hours,
indicating more efficient crosslinking and increased stability.

Table 1. Equilibrium degree of swelling (SD, %) and enzymatic degradation process for porous scaffolds
with different ratios between polymers.

Swelling Concentration of Swelling Concentration of

Sample degree degraded gelatin, Sample degree (%) degraded gelatin,
(%) 72h (mg/mL) 72h (mg/mL)

Gel XG 3094 0.076+ GelMA_XG 9396+ 0.064+
2575) 204 0.002 MAR5/75) 70 545 0.002
Gel XG 0.066+ GelMA XG 937+ 0.065+
(50/50) - 0.001 MA (50/50) 45.420 0.005
Gel XG 0.070+ GelIMA_XG 1064+ 0.065+
(75/25) - 0.005 MA (75/25) 60.793 0.0005

Also, hydrogels formulated based GeIMA and XGMA exhibited reduced degradation kinetics compared to
those composed of unmodified gelatin and xanthan, due to an increased crosslinking degree due to
polymeric chain modification, leading to a complex three-dimensional structure with improved mechanical
strength. From the bioadhesive point of view, the scaffolds composed of unmodified gelatin and xanthan
(Gel_XG) exhibits low detachment force values, indicating a poorly crosslinked network. In contrast, the
GelMA XGMA scaffold demonstrates enhanced bioadhesion properties attributed to an improved
crosslinked network resulting from interactions between the modified polymers.

The cytocompatibility of cell cultures was assessed through direct contact and MTT assays, with cell
viability evaluated accordingly ISO-10993-5. Figure 2. illustrates that the cell viability exceeding 85% in
fibroblast cultures after 72 hours scaffolds direct contact. According to the morphology images in Figure
2, it can be seen that the cells exhibit normal morphology, maintain their shape, and preserve cell density
over time. The cells adhered to the substrate by forming a uniform monolayer and exhibited a morphology
typical of normal human dermal fibroblasts. Bioadhesive properties of printed porous scaffolds with
different ratios between polymers are presented in Table 2.
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Table 2. Bioadhesive properties of printed porous scaffolds with different ratios between polymers.

Force of Work of Force of Work of
Sample detachment adhesion Sample detachment adhesion
(mN) (mN-s) (mN) (mN-s)
0.051+ 0.036+ 0.034+ 0.024+
Gel (100 GelMA (100
el (100) 0.003 0.007 cIMA (100) 0.001 0.003
Gel XG 0.037+ 0.023+ 0.078+ 0.049+
> GelIMA_XGMA (25/75
(25/75) 0.001 0.002 ¢ - ( ) 0.010 0.002
+ + + +
Gel XG 0.045+ 0.016+ GeIMA XGMA (50/50) 0.042+ 0.015+
(50/50) 0.002 0.005 - 0.013 0.002
Gel XG 0.029+ + + +
el 0.011+ GeMA XGMA (75/25) 0.071+ 0.026+
(75/25) 0.001 0.002 0.015 0.001
+ + + +
XG (100) 0.048+ 0.270+ XGMA (100) 0.117+ 0.654+
0.006 0.013 0.029 0.015
E 40

Figure 2. Cell viability (%) and morphology of viable cells after 72 h of cell culturing.
4. Conclusions

In this study we obtained scaffolds based on polymeric inks, including gelatin and xanthan gum, for tissue
engineering applications. The results revealed 3D architectures, and the influence of composition upon
morphology and swelling extent. The printed scaffolds’ architectures enhance nutrient flow and cellular
proliferation. The matrices were found to be cytocompatible, supporting their use as scaffolds in
regenerative medicine for repairing damaged epithelial tissue.
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Polysaccharide based (Bio)Hybrid Nanostructures (HYBSAC) is a project PY
being implemented by the “Petru Poni” Institute of Macromolecular
Chemistry (ICMPP), lasi, Romania, project no. 760082/23.05.2023, project
code CF201/28.11.2022, funded by the National Recovery and Resilience
Plan, Component C9 - Support for the private sector, research, development,

and innovation, Investment 13: Development of a program for attracting highly

""B@%

specialized human resources from abroad for research, development and
innovation activities.

The goal of the HYBSAC project is to increase the competitiveness of Romanian research, at the national
and international level, and build a research core with high-level scientific competence, under the
coordination of an international expert, and build a new research field within ICMPP. Top methods will be
addressed for synthesizing, characterizing and testing polysaccharides with synthetic polymer components
using RAFT polymerization methodologies.

The HYBSAC research project aims to develop new hybrid nanomaterials that will be formed from the
combination of natural polysaccharides, synthetic/soluble responsive and biocompatible polymers. The
synthesis will be specifically achieved by growing the synthetic polymers in a covalent manner to
polysaccharide chains using the RAFT polymerization mechanism. RAFT polymerization is a controlled
radical polymerization process that allows for sophisticated tuning of both the structure and functionality
of the polymer.

Two synthetic strategies were developed.

=  Grafting-from, in which polymer grow directly from the polysaccharide backbone.
= Grafting-to, in which pre-synthesized polymers will be chemically attached to the polysaccharide.

Either of these approaches was obtain hybrid synthetic-biological polymers for advanced functional
properties. We will also study the self-assembly and co-assembly of these hybrid materials producing
well-organized nanostructures through polymer physical chemistry principles, informed by the study of
these assemblies in aqueous environments and their structural features and formation mechanisms.

The resultant nanoassemblies was assessed for a variety of high-impact applications such as:

= Drug delivery, bioimaging and protein transport.

= Environmental restoration as nanocontainers for capturing organic/inorganic pollutants.
= Surface functionalization for high-performance material interfaces.
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Furthermore, co-assembly with proteins and antibodies allow us to create biofunctional nanoparticles
with biomimetic architecture for diagnostic and treatment purposes. The project also generate hybrid
organic—inorganic and bio—inorganic nanostructures by co-assembly of functionalized polysaccharides
and inorganic nanoparticles, in attempts to create materials that possess magnetic, optical, catalytic or
antimicrobial properties.

The project is coordinated by Dr. Stergios PISPAS, Research Director at the Institute of Theoretical and
Physical Chemistry, National Hellenic Research Foundation, Greece (TPCI/NHRF). Dr. Pispas has
expertise in polymer synthesis using controlled polymerization techniques, with innovative results
applicable in nanomedicine and the delivery of drugs/genes/proteins for therapy, bioimaging, detection,
and water treatment. As further evidence of his scientific achievements, Dr. Pispas was included in the 7Top
2% Scientists Worldwide in Chemistry in the field of polymers for the years 2018-2022.

The project team is mainly formed by Functional Polymers Laboratory members from ICMPP
(https://icmpp.ro/laboratories/l4/description.php), coordinated by Dr. Marcela Mihai, one of Romania’s
leading research groups with internationally recognized interests on multifunctional (composite) materials
mainly through the synthesis and utilization of a variety of synthetic and natural ionic polymers with
predetermined functional groups and architectures. In addition, two members of the HYBSAC team
originate from TPCI/NHRF, as part of Dr. Pispas’s team, to assist with implementing the project. Dr.
Pispas’ collaborations with Romanian team members date back to 2012 with a number of research visits
performed at TPCI/NHRF on subjects aligned with the HYBSAC project.

The project implementation period is 60 months, from July 1, 2023, to June 30, 2026.

The total value of the financing contract is 7,551,991.04 RON, non-reimbursable funds from the European
Union — NextGenerationEU, of which the non-reimbursable financing amount is 7,000,000 RON and the
VAT related to eligible expenses from PNRR is 551,991.04 RON.

The general objective of the HYBSAC project is to increase the capacity and quality of research and
development activities at ICMPP by attracting specialists with advanced skills from abroad, opening a new
research direction in the field of biomaterials, and creating a research excellence group.

Specific objectives of the HYBSAC project include, but are not limited to:

= Polysaccharides containing rationally designed synthetic polymer constituents obtained by controlled
RAFT polymerization. Graft copolymers made with controlled composition and structure. Structural
elucidation, self-assembly, and morphology will be evaluated in aqueous media and on substrates.

= Development of biocompatible, synthetic-biological polymer constituents with temperature-triggered
and pH-triggered properties that can be co-assembled with biologically relevant materials, namely
therapeutic payloads, enzymes, and pre/in-situ created inorganic nanoparticles, for hierarchical control
of nanostructures, responsive and environmental conditions, external stimulation, and reaction of the
hybrid nanostructures to a specific environmental condition (i.e. those found in living tissue).

= Studying the external controlling/stimulating effects facilitated by the interactions of inorganic
components that are responsive, e.g., light and NIR, (ex. gold nanoparticles) embedded in hybrid
polysaccharides, or those controllable by an external magnetic field or other forms of radiation (for
example, magnetic iron oxide nanoparticles), to regulate their enzymatic activity and analyze/evaluate
the combined effects of simultaneous hyperthermic, photothermic, and photodynamic therapy for
combined/synergistic therapy and diagnostics.
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Specific objectives of the HYBSAC Project (Aligned with PNRR — Pillar 111 Strategic Priorities)
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= Enhance the National and International Competitiveness of Romanian Research by establishing a
research core with high-level performance indicators (performance center) emphasizing polysaccharide
hybrid materials, which was started under the supervision of an internationally renowned researcher
and expert, and a new research pathway on hybrid materials based on polysaccharides in high
technology. Also, advanced RAFT polymerization techniques have been developed, which will yield
polysaccharides with synthetic polymer components to determine the synthesis, characterization, and
testing proportions of pure polysaccharide and hybrid polysaccharides and how much of the synthetic
polymers are the same.

= Develop the International profile of ICMPP and allow for the new performance Hybrid Materials
Research Core to work on EU and national research programs so that it increases the profile of the
institution and becomes active in working with other studies.

= Increase the quality and specialization of the human resources by scientific training and collaborative
research under different disciplines. The project will be the vehicle where world-class research will be
undertaken. It can allow members of the team to acquire competencies as well as improve their practice
for those researchers who have more experience in the field of the project.

The activities in HYBSAC will enhance the team knowledge in producing nanomaterials/nanostructures
with more desirable properties and functions, greater diversity, and durability. This knowledge will be
readily adopted in industry. The group of young researchers (Postdocs and PhD students) engaged in
HYBSAC will receive training in a multidisciplinary context within a state-of-the-art research field,
concerning a contemporary issue of material sustainability and ecological social development.

Acknowledgements

We also acknowledge the support provided by the Romanian National Authority for Research, with project
number PNRR-III-C9-2022-18-201, within the National Recovery and Resilience Plan.

Contact

Website: https://icmpp.ro/hybsac/index.php; E-mail: hybsac.pnrr@icmpp.ro

” The content of this material does not necessarily represent the official position of the European Union or the
Government of Romania”

b ——
“PNRR. Finantat de Uniunea Europeana — UrmitoareaGeneratieUE”
NRRP. Funded by European Union-NextGenerationEU
https://mfe.gov.ro/pnrr/ https://www.facebook.com/PNRROficial/




Progress in Organic and Macromolecular Compounds 3
30t§e pris < . (MACRO lasi) 2025

Planul National
de Redresare si Rezilienta

Reh Finantat de
X% Uniunea Europeana
ax NextGenerationEU

INTELLIGENT SYSTEMS FOR CANCER DIAGNOSIS AND TREATMENT - IntelDots

Adina Coroaba,* Narcisa-Laura Marangoci
Petru Poni Institute of Macromolecular Chemistry, Romanian Academy, lasi, Romania
*adina.coroaba@icmpp.ro

1. Introduction

As the project Beneficiary, the Petru Poni Institute of Macromolecular Chemistry in lasi is implementing
the project “Intelligent Systems for Cancer Diagnosis and Treatment (IntelDots)”, under contract no.
760081/23.05.2023, CF 291/30.11.2022. The project is funded through Romania’s National Recovery and
Resilience Plan (NRRP), Component C9 — Support for the private sector, research, development, and
innovation, under Investment I8 — Development of a program to attract highly specialised human resources
from abroad in research, development and innovation activities. Financing is provided by the European
Union through the NextGenerationEU initiative.

IntelDots project aims to capitalize the scientific skills of a renown Spanish PI, Dr Maria Concepcion Ovin
Ania, and the interdisciplinary and complementary expertise of a Romanian team working in academia and
at “Petru Poni” Institute of Macromolecular Chemistry, to develop new and advanced theranostic systems,
contributing thus at finding efficient solutions for a societal problem placed among the financing priorities
of the European Union, the diagnosis and treatment of cancer. The assumed task will enrol the Romanian
team in the joint efforts hosted by the Horizon Europe programme under ,,Cancer” mission. Theranostic
products for oncological use recently entered on the drug market, and, according Market Data Forecast, an
annual increase of their market share by 12 % is envisioned, reaching more than 40 million Euro until 2027.
Based on an original approach, IntelDots project will develop a revolutionary theranostic nanomedicine
platform for imaging-guided and drug delivery, applicable in oncology under the syntagm of “visible cancer
therapy”. An intelligent combination of two non-invasive imaging techniques, nuclear magnetic resonance
and fluorescence, is envisaged for the early detection of malignant evolution at cell and tissue level, to
support the establishment of efficient individualized treatments.

2. State-of-the-art and project objectives

Cancer is a global health and life threat that is escalating, with often an intractable and deadly character [1].
Due to this, a lot of efforts have been invested in order to continue to research cancer, making Cancer one
of the important Mission in the framework of Horizon Europe (H EU) [2], supporting researches aimed to
understand, prevent, and optimize cancer diagnosis and treatment. Poor early diagnosis, high systemic
toxicity, significant side effects, and difficulty to evaluate therapeutic responses have hampered surgery,
chemotherapy, and radiotherapy [1]. Developing a revolutionary nanomedicine platform for imaging-
guided and drug delivery, “visible cancer therapy”, can increase therapeutic efficiency and reduce side
effects. Magnetic resonance (MR) and fluorescence imaging have received attention recently, and the
combination between them is remarkable. Non-invasive imaging analysis can detect cancer early and
establish individualized treatment. Importantly, fluorescence probe design can be used to create therapeutic
nanomaterials that can identify cancer cells and deliver image-guided cancer treatment. Therefore,
magnetofluorescent nanomaterials (MF) are effective biomedical research probes [3,4]. In this context, the
project aims to experimentally and theoretically design, develop, and test two new intelligent systems based
on multi-functional carbon dots that combine delivering and imaging abilities, providing carrying system
for drugs and promote targeted and triggered effects for cancer diagnosis and treatment. The originality and
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innovation of the IntelDots project derive from the ambitious goal to design new intelligent systems by

combining in a synergistic manner the intriguing fluorescence properties of carbon with the magnetic
properties given by the manganese ions.

The IntelDots project’s general objective is to attract high-level personnel from abroad, and launching a
new research area at IntelCentru, an ICMPP department, by implementing a project related to the field of
intelligent systems for cancer diagnosis and treatment, based on MF Cdots, and therefore to support and
increase the quality and capacity of the research, development, and innovation (RDI) activity. The project
aims at integrating the experimental studies with the theoretical investigations in order to establish,
strengthen, and exploit collaboration between experimentalists and theoreticians by assembling a strong
and truly interdisciplinary team, under the supervision of a top-level specialist. These actions aim to
increase Romanian research competitiveness at the European level, thereby significantly contributing to the
accomplishment of general objectives of the National Strategy for Research, Innovation and Smart
Specialization.

A set of specific objectives (SO) are considered in order to attempt this ambitious goal:

= SOl: Development and advancement of fundamental scientific research in Romania by creation of a
strong research group under the supervision of a top-level specialist, and establishment of a new RDI
area at IntelCentru;

= SO2: Encouraging the training of competent human resources and the creation of interdisciplinary
research group under the supervision of a high-level specialist;

= SO3: Increasing the number of publications with high international impact and successful participation
in the competitions of the H EU framework program.

3. Project implementation and expected outcomes

The scientific Mission of IntelDots project is to develop of a theranostic platform for image-guided drug
delivery, applicable in oncology under the concept of “visible cancer therapy.” The project envisions an
intelligent combination of two non-invasive imaging techniques — magnetic resonance imaging and
fluorescence — for the early detection of malignant evolution at the cellular and tissue levels, with the aim
of establishing highly efficient, personalized treatments. The nanometer-scale theranostic system to be
developed within the IntelDots project is based on so-called carbon dot entities, capable of acting both as
molecular “reporters” and as drug carriers.

The IntelDots project is multidisciplinary per se (implying chemistry, cancer biology, engineering and
computational chemistry), and has a major objective to gain an increased knowledge and expertise in
designing and producing nano-tools for cancer diagnosis and treatment, addressed to EU Cancer Mission
Recommendations No.: 4 — advances in new diagnostic technology, 5 — providing effective therapies with
minimal harm, and 6 — increasing the diagnostic and offering a minimally invasive treatment. Besides its
scientific objectives, IntelDots project intends to build up a team of high expertise in understanding and
providing solutions for both diagnostic and treatment in personalized medicine. Moreover, during the
implementation, IntelDots project intends to disseminate the obtained scientific results and to promote its
available infrastructure at the European level for both scientific and general publics. According to the SOs,
the IntelDots work program includes 5 work packages (WP):
= WP 1 PROJECT MANAGEMENT
= WP 2 INTELLIGENT SYSTEMS based on peptide, cyclodextrin, and Mn@CND with anticancer

activity:

o Obtaining and testing manganese-dopped carbon dots from imidic precursors, usable as

nanoplatforms for cancer diagnosis and treatment.
s Development of intelligent systems based on carbon dot functionalized with cyclodextrins, which

can form inclusion complexes with hydrophobic moiety connected to particular cell targeting

201




Progress in Organic and Macromolecular Compounds 3
30“?6 pris g . (MACRO lasi) 2025

peptides.
o In vitro/in vivo testing of the selected intelligent systems.
= Magnetic resonance (MR) investigations of the selected intelligent systems.
= WP 3 LIPOSOMAL FORMULATIONS containing hemp oil nanoemulssions and Mn@CND:
= Development of liposomes containing hemp oil nanoemulssions and Mn@CND.
= In vitro/in vivo testing of the selected intelligent systems.
s MR investigations of the selected intelligent systems
= WP 4 MULTISCALE MODELLING of the INTELLIGENT SYSTEMS:
s Development of liposomes containing hemp oil nanoemulssions and Mn@CND.
= In vitro/in vivo testing of the selected intelligent systems.
= MR investigations of the selected intelligent systems
= WP 5 SUPPORT AND DISSEMINATION OF THE SCIENTIFIC RESEARCH

4. Conclusions

The IntelDots project develops innovative theranostic nanoplatforms for “visible cancer therapy,”
combining magnetic resonance and fluorescence imaging for early detection and personalized treatment.
By combining international expertise with Romanian team interdisciplinary research, the project
strengthens national RDI capacity and aligns with Horizon Europe’s Cancer Mission. Expected outcomes
include high-impact publications, advanced nanomedicine tools, and increased European visibility of
ICMPP.
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1. Introduction

Petru Poni Institute of Macromolecular Chemistry (ICMPP), lasi, Romania is implementing the project
“Metal complexes as microtubule- and dual microtubule — R2 RNR-targeting drugs for cancer
treatment (Metubin), ID 99/31.07.2023, contract no. 760284/27.03.2024, project financed through the
National Recovery and Resilience Plan, Component C9 — Support for the private sector, research,
development and innovation, Investment I8: Development of a program to attract highly specialized human
resources from abroad in research, development and innovation activities.

The Metubin project’s general objective is to attract high-level staff from
abroad, and develop a new research area in ICMPP, by implementing a project
related to antiproliferative activity and tubulin polymerization inhibition of
indolobenzazocine based Schiff bases, TSCs and their metal complexes, and
therefore to support and increase the quality and capacity of the research, the
development and innovation (RDI) activity. Although modern anticancer
chemotherapy has made progress, there are still many problems caused by drug
resistance and by the low selectivity of anticancer drugs generating serious side

effects. Therefore, the search for new chemotherapeutics remains an essential challenge. Tubulin, the
repeating subunit of microtubules (MTs), and R2 ribonucleotide reductase (RNR) are validated molecular
targets for anticancer drugs, as they play crucial roles in cell proliferation and other vital cellular processes.
MT-targeted agents (MTAs) and R2 RNR inhibitors lead to disruption of cell cycle progression and cell
death via cell cycle arrest in G2/M and S-phase, respectively. The project leader's team recently discovered
that Cu(Il) compexes with indolobenzazocine-based Schiff bases show good antiproliferative activity and
act as colchicine site inhibitors [1], while highly antiproliferative Cu(ll) complexes with
thiosemicarbazones (TSCs), sharing with the previous agents a similar tridentate binding motif, had both
tubulin- and R2 RNR inhibitory activity [2] (Scheme 1). These latter compounds impaired different phases
of the cell cycle and were without precedence in the literature.

2. Project objectives

The aim of Metubin project is to further refine the electronic and geometric structure of the two prototype
metal complexes [3,4] with modified indolobenzazocine and TSC ligands sharing a similar metal binding
motif as inhibitor of tubulin polymerization or as dual agent with tubulin- and R2 RNR inhibiting properties
endowed with high antiproliferative activity.

The specific research objectives (RO) of the project:
ROL1. Preparation and characterization of the two prototype ligands bearing a trimethoxyphenyl group and
copper(Il) complexes thereof.
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RO2. Design, synthesis and characterization of the second generation of the two modified prototype ligands

30th edition

bearing electron withdrawing and donating groups including Me3Si and metal(I) complexes thereof.
RO3. Design, synthesis and characterization of the third generation of the two modified prototype ligands
and metal complexes thereof.

RO4. Design, synthesis and characterization of the fourth generation of the two modified prototype ligands
and metal complexes thereof.

ROS. Evaluation of stability and extended biological investigation of two lead Schiff bases and two metal
complexes.

Based on the initial in silico screening, the two prototype molecules are structurally modified through four
sequential iterations by attaching electron-withdrawing and donating groups, as well as solubilizing
substituents (Rs and R; in Scheme 1) The power of coordination chemistry to build structures with well-
defined globular shapes, matching the 3D structure of the colchicine pocket, is exploited to complement
the molecular diversity offered by purely organic scaffolds. Kinetic stability of the coordination sphere in
biological media will be achieved by using both multidentate ligands and kinetically inert metal ions, e.g.,
Co(III), Ru(III). This approach was not used for the development of tubulin polymerization inhibitors so
far, but proved to be successful for the development of efficient protein kinase inhibitors [3,4]. The
synthesis and chemical modification will be followed by full analytical, spectroscopic and structural
characterization, as well as biological evaluation of the isolated compounds. The lead drug candidate will
be tested in vivo.
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Scheme 1. Envisaged structural modification of the two main prototypes based on 5,6,7,9-tetrahydro-8H-
indolo[3,2-e]benzazocin-8-one and TSCs and metal complexes thereof.

3. Project implementation and expected outcomes

The project objectives will be approached a competent, well-structured team from “Petru Poni” Institute of
Macromolecular Chemistry, with top chemistry expertise and infrastructure, under the guidance of a
recognized specialist in medicinal chemistry from the University of Vienna, and with strong external
collaborative support. Thus, the design of specific compounds start with in silico calculations, which will
be performed in collaboration with Dr. J. Reynisson (Keele University, UK), EC1. The substitution will be
considered favorable if the docking scores (e.g., binding free energy) of the newly designed compounds, as
well as their ADMET parameters (e.g., aqueous solubility, lipophilicity, physicochemical properties,
Lipinski’s rule of five), are not inferior to those of the prototype compounds and remain within the drug-
like chemical space. The designed compounds that successfully go through this preliminary in silico
screening will then be synthesized, fully characterized and tested for antiproliferative activity on several
cancer cell lines (breast MCF-7, lung A549, ovarian CH1) and normal MRC-5 human embryonal lung
fibroblasts and analyzed for effects on tubulin assembly. This theoretical preselection of relevant structures
will make the synthesis work more effective and less time-consuming. Analysis of the results of this full
cycle will allow the next iteration, which again will consist of design, molecular docking calculations with
determination of molecular descriptors, synthesis, characterization and biological evaluation. The tests will
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be performed within ICMPP (IntelCentre) and University of Belgrade, Serbia, and validated at NCI/NIH, USA,
based on pre-established collaboration agreements.

The achievement of the scientific objectives is also expected to lead to broader goals (GO):

GO1: Development and progress of fundamental research in Romania through the establishment of a new
RDI area at ICMPP conducted by an excellent research group led by a recognized specialist in medicinal
chemistry from abroad.

GO2: Training of competent human resources and the formation of an interdisciplinary research group
under the supervision of a highly qualified specialist, increasing the ICMPP international visibility.

GO3: Increase of the number of publications with high international impact and participation in the
competitions of the European Union's Horizon Europe framework programme competitions.

4. Conclusions

This project aims to develop a new class of compounds based on indolobenzazocines and
thiosemicarbazones and their copper(Il) complexes, capable of selectively inhibiting tubulin and/or R2
RNR, offering an innovative alternative to existing anticancer agents. Through a structural optimization
strategy guided by in silico screening, followed by full characterization and biological evaluation, the
project will lead to the identification of promising candidates for preclinical development. The originality
of the approach, combined with the expertise of the project team and cutting-edge research infrastructure,
gives the project a high potential to contribute to the progress of medicinal chemistry and the discovery of
new anticancer therapies.
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The MultiPodGaN project aims at the creation of an interdisciplinary research group at Petru Poni Institute
of Macromolecular Chemistry under the supervision of Prof. Acad. lon Tiginyanu in the exciting field of
3D GaN nano-micro-architectures. The established research team will be involved in fundamental research
in the bio-micro-fluidics of liquid marbles and self assembled membranes. The advanced multifunctional
liquid marbles will be built on the basis of aerogalnite with a view of using them in exploring fundamental
bio- and/or chemical processes as well as the interaction of living cells in specific conditions of spatial
confinement. Tunable shell material properties will be reached by diminishing the sizes of aero-GaN hollow
tetrapods fabricated by direct epitaxial growth of GaN on sacrificial templates consisting of ZnO micro- or
nano-tetrapods. Thus, the obtained aero-GaN hollow tetrapods will be subsequently functionalized with
macromolecules (synthetic amphiphilic polymers) or biomacromolecules (DNA, proteins or peptides) and
investigated for controlled formation of programmed assemblies. Polymer-guided decoration of
functionalized GaN units with nanomaterials (metal nanoparticles or carbon nanomaterials) will be
examined to produce hybrid materials suitable for the preparation of sensing elements in smart sensors. The
current proposal foresees testing of a series of applications for the proposed biocompatible functional 3D
GaN nano- and microsystems, including applications as cell supports in supramolecular matrices or design
and demonstration of GaN electrochemical or Raman-based sensors.

The general objective of the current proposal is to support and increase the quality and capacity of the

research development and innovation (RDI) activity by attracting high-level personnel from abroad,

broadening the areas of research at the ICMPP by implementing a project related to the field of 3D GaN-

based micro- and nanomaterials, and creating a competitive research group working in this highly

competitive field. These actions aim to stimulate Romanian research competitiveness at the European level,

thus strongly contributing to the fulfilment of the objectives set out in the Romania’s National Recovery

and Resilience Plan. Besides the general objective, the proposal also includes Specific Objectives (SO):

= SO 1. Development and advancement of fundamental scientific research in Romania by creation of a
high competency scientific group under the supervision of a top-level specialist, and establishment of a
new RDI area at ICMPP. The foreign specialist will pursue the development of new hybrid materials
consisting of 3D GaN micro/nanomaterials, and synchronize this field with the research performed at
ICMPP to provide new interdisciplinary directions for the 3D GaN-based technologies.

= SO 2. Encouraging the training of competent human resources and the creation of interdisciplinary
research group under the supervision of a high-level specialist. Involvement of specialists at the
PhD/Postdoc levels in the project tasks will be strongly motivated.

= SO0 3. Increasing the ICMPP international visibility and successful participation in the competitions of
the European Union's Horizon Europe framework program. The foreseen results include: 7 high level
scientific publications; 1 National and 1 European project submitted; 10 participations at national and
international conferences.
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The proposed work strategy and objectives are closely aligned with the main aim of the project, ensuring
a unified integration of efforts. The investigation methods and tools are well-founded and well-established,
drawing upon several key factors: (i) the project benefits from the extensive expertise of the PI in the field
of 3D GaN micro/nanomaterials, and guarantees a strong foundation for the project's success; (ii) the
research tasks outlined in the project proposal leverage the interdisciplinary capabilities of the ICMPP
team, which further strengthens the project's potential for innovative breakthroughs; (iii) the ICMPP
modern infrastructure, the availability of cutting-edge facilities and resources provides a robust and well-
equipped environment for the successful execution of the project; (iv) outstanding previous experience of
both the PI and the project manager in projects management; (v) rigorous planning of envisioned project
activities. By combining these key elements, the project demonstrates a clear advantage in achieving its
objectives, ensuring that the proposed investigation will be conducted with rigor and excellence, providing
significant contributions to the field of 3D GaN micro/nanomaterials.

Hollow tetrapods: State-of-the-art and prospects

Aero-GaN within the Aero-Semiconductor Landscape: Aero-semiconductors fabricated from sacrificial
ZnO templates offer versatile structural motifs like rods, tetrapods, and multipods, that preserve a
hierarchical 3D network (Figure 1). Compared to carbon-based analogues such as aerographite and
graphene aerogels, semiconductor aero-architectures bring new properties, including optical transparency,
piezoelectricity, photocatalysis, and tunable band structures [1]. Among these, aero-GaN is unique in
several respects [2-4]: (i) dual wettability: it exhibits both hydrophobic and hydrophilic domains, enabling
novel self-healing and self-assembly phenomena; (ii) biocompatibility: hollow GaN units can interact with
living cells, paving the way for biomedical integration; (iii) piezoelectric activity: characteristic to GaN,
suitable for applications in pressure sensing and electromechanical systems; (vi) electromagnetic shielding:
aero-GaN can provide >40 dB shielding efficiency in the THz range.
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Figure 1. Technological route for the fabrication of aero-GaN.

Functionalization and Hybrid Architectures: To expand the new materials versatility and aplicability,
aero-GaN can be functionalized via several strategies: (i) polymeric coatings: amphiphilic polymers tune
wettability and allow supramolecular assembly; (ii) biomacromolecules: DNA, proteins, and peptides
confer biocompatibility and programmable biofunctionality; (iii) nanomaterial decoration: metallic
nanoparticles and carbon nanostructures add plasmonic, catalytic, or conductive properties. These hybrid
approaches transform aero-GaN into a multifunctional building block. Its tetrapod morphology, with high
surface-to-volume ratio and open porosity, is particularly suited for controlled attachment of functional
species or nanomaterials.

Prospective Applications:

= Bio-microfluidics and liquid marbles - Aero-GaN-based “liquid marbles” assemblies are envisioned as
robust, semi-permeable capsules for isolating and studying biological and chemical processes. Their
self-healing ability on aqueous surfaces makes them attractive for micro-bioreactor applications, drug
testing, and synthetic biology [3].

= Self-assembled membranes - Networks of functionalized tetrapods can self-organize into membranes
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with tunable hydrophobic/hydrophilic balance. Thus assembled membranes are promising for selective

separation, microfluidics, and as bio-inspired scaffolds [2].

= Smart sensing platforms - Decorated with various noble metals, the aero-GaN individual entities, or
assemblies could be successfully used as: (i) electrochemical sensors for the detection of biologically
relevant analytes: decoration with catalytic nanoparticles enhances charge transfer; (ii) Raman sensors
for enviromental contaminants: GaN frameworks act as stable substrates for SERS-based detection;
(iii) pressure and piezoelectric sensors: exploiting the piezoelectric nature of GaN within ultralight,
flexible architectures [4].

= Electromagnetic shielding and optoelectronics - Owing to their high porosity and dielectric properties,
aero-GaN structures and their assemblies serve as efficient THz shields, while transparent aero-Ga;Os
complements this family with internet of things (IoT)-oriented applications. The potential for
integration into photonic and optoelectronic devices is vast.

Conclusions and Outlook

Aero-GaN hollow tetrapods represent a new edge in ultraporous functional materials. As a member of the
broader aero-semiconductor family, it uniquely combines structural lightness, multifunctional
semiconductor properties, and unprecedented dual wettability. Functionalization with polymers,
biomolecules, and nanomaterials transforms aero-GaN into a platform technology, bridging disciplines
from bio-microfluidics to nano-optoelectronics. The MultiPodGaN project is consolidating
interdisciplinary expertise to advance these concepts from fundamental research toward demonstrator
systems. In future, challenges such as large-scale fabrication, stability in complex biological environments,
and integration into device architectures will determine the development of this fascinating material.
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1. Introduction

Since its inception, the BioMat4CAST project has consistently aligned its
activities with the most advanced trends and perspectives in modern science.

By combining excellence in biomaterials research with a strong focus on
sustainability, the project has fostered new opportunities for growth, g

collaboration, and innovation. The period 2023-2025 has been particularly “6 | b
dynamic, marked by the initiation and implementation of diverse research 6 CV“
projects, extensive networking activities, and international partnerships. Qt4
These efforts have not only reinforced the team’s visibility and expertise but

have also ensured that BioMat4CAST remains at the forefront of emerging scientific developments, ready
to contribute to the future of biomaterials and beyond.

h

2. Setting up and Strengthening the BioMat4CAST Team

The future of the BioMat4CAST team is built on a vision of growth, collaboration, and scientific excellence.
Under the guidance of Prof. Aatto Laaksonen, together with the BioMat4CAST Management Team
coordinated by Dr. Teodora Rusu and Dr. Marian Pinteald, the project has taken important steps towards
consolidating its position in the scientific community. As the project evolves, the team is not only
strengthening its expertise in biomaterials and advanced computational approaches, but also expanding its
capacity to connect with the wider European research community. By combining innovative research,
continuous professional development, and strong networking activities, the BioMat4CAST group is
shaping a sustainable path forward—one that ensures long-term integration within the scientific landscape
of ICMPP and beyond. The strategic steps, initiatives, and opportunities that guide the team towards
becoming a driving force in modern science and innovation are summarized below.

Strengthening Sustainability through Research Projects

A key pillar of sustainability has been the proactive approach to securing additional funding. Between
2023-2024, the BioMat4CAST team implemented five research projects and submitted six new
proposals to national and international funding calls. By the end of 2025, several of these proposals were
successfully financed, ensuring a research budget of approximately €350,000 for the following three
years. Other proposals remain under evaluation, while some were not selected, yet every submission has
contributed to improving the team’s expertise in research funding applications and increasing its chances
of future success.

Networking and Sustainability Activities

Equally important has been the role of networking events, training, and workshops. The BioMat4CAST
consortium organized and co-organized a variety of activities that fostered collaboration with academic,
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industrial, and policy actors. Highlights include the REVERT Project Consortium Seminar (July 2024),
a BioMat4CAST Seminar on Modern Trends in Chemistry (October 2024), a Technology Transfer
Training (November 2024), and a Networking Workshop on Protein Folding (June 2025). These events
enhanced scientific exchange, promoted innovation culture, and supported the transfer of knowledge into
practical applications. In addition, the team hosted round-table discussions that connected researchers and
stakeholders across diverse sectors. Examples include the round table within the PRECISEU
Personalised Medicine School (July 2025), and exchanges with representatives of the OMRI PNRR
Project (February 2025).

Guest Researcher Engagements

The BioMat4CAST project also welcomed a series of renowned guest researchers, creating opportunities
for direct knowledge transfer and long-term cooperation. Visits included: Danny O’Hare, (Imperial
College, London); Dr. Marc Baaden (Institute of Physical and Chemical Biology, Paris), Prof. Jozef
Uliény (University of P. J. Safarik, Kosice, Slovakia), Dr. Francesca Mocci (Cagliari University, Italy),
Prof. Peter Kusalik (University of Calgary, Canada); Dr. Fredrik Hedman (Noruna AB, Stockholm,
Sweden); Dr Szilard Fejer (Pro-Vitam Diagnostics and Research Centre, Sfantu Gheorghe,
Romania), Prof. Anna Marabotti (University of Salerno), Prof. Ana Nicoleta Bondar (University of
Bucharest & Forschungszentrum Jiilich), Dr. Teodoro Laino (IBM Research Zurich), Prof._ William
Wimley (Tulane University), USA and Prof. Kalina Hristova (Johns Hopkins University, USA), Prof.
Paolo Carloni (Forschungszentrum Jiilich & Aachen University). These exchanges provided valuable
expertise in computational biomedicine, chemistry, and biomolecular modelling, while anchoring
BioMat4CAST within an active international scientific community. Beyond the immediate scientific
insights gained, the visits laid the foundation for stronger collaborative links, fostering co-authorship
opportunities, joint project proposals, and future training activities. They also helped expose the
BioMat4CAST team to diverse methodological approaches and state-of-the-art perspectives, enriching both
its research capacity and its visibility within the European and global scientific arenas. By bringing together
experienced researchers and early-stage scientists, these engagements have strengthened not only the
project’s knowledge base but also its long-term sustainability through collaboration and innovation.

3. Shaping the future of BioMat4CAST Team

From October, the BioMat4CAST project will enter a new phase of growth, with its team being further
strengthened through the recruitment of Prof. Dr. Ana Nicoleta Bondar as Team Leader. Prof. Bondar
brings extensive experience in the field of computational biochemistry and biomolecular simulations,
with a particular focus on protein-ligand interactions, membrane protein dynamics, and multiscale
modeling approaches. Her dual expertise in scientific research and research management will complement
the existing leadership of Prof. Aatto Laaksonen, enhancing the project’s capacity to coordinate complex
studies, attract new funding opportunities, and foster international collaborations. By integrating Prof.
Bondar’s skills, the BioMat4CAST team will not only consolidate its research excellence but also
strengthen its long-term sustainability, ensuring the continuity and growth of innovative activities within
ICMPP and its broader European network.

Two new topics will be also to be implemented in close collaboration with Prof. William Wimley (Tulane
University), USA and Prof. Kalina Hristova (Johns Hopkins University, USA), Prof. Paolo Carloni
(Forschungszentrum Jiillich & Aachen University). During the visit at the Petru Poni Institute in June 2025
the team discussed a collaboration on combining experiment and computation to study inhibitors that bind
to receptor tyrosine kinases (RTKs) implicated in cancer disease. The laboratory of Prof. Kalina Hristova
has the documented expertise to study RTKs homo-and hetero-interactions in cells using three different
methods: 1) a fluorescence fluctuation spectroscopy method called Number and Brightness, which is used
to report the co-diffusion of receptors in the plasma membrane; ii) Forster Resonance Energy Transfer
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(FRET), sensitive to close approach of the receptors in the plasma membrane; iii) in vitro phosphorylation

assay to measure phosphorylation as a function receptor complex formation. These experiments will be
combined with extensive computations performed by the BioMAT4CAST colleagues, as follows. 1)
classical mechanical computations to study the motions of the membrane-embedded RTK hetero-complex;
ii) combined quantum mechanical/molecular mechanical computations using methods developed by Paolo
Carloni to study inhibitor binding and the effect of inhibitors on the reaction coordinate of the
phosphorylation reaction; iii) computational screening and prediction of new inhibitors. These new
predicted inhibitors will be synthesized by the experimental team of BioMAT4CAST and tested for RTK
heterocomplex binding by the Hristova laboratory. We envision that, once successful, we may proceed with
developing an inhibitor cargo delivery system together with the Wimley and Hristova laboratories.

4. Conclusions

Between 2022 and 2025, BioMat4CAST has demonstrated remarkable progress in enhancing sustainability,
advancing scientific excellence, and fostering international collaboration. The team has successfully
implemented multiple research projects, submitted and secured additional funding proposals, and actively
engaged in trainings, workshops, and networking events—both nationally and internationally. These efforts
have strengthened the team’s research capacity, expanded its visibility, and consolidated its position within
ICMPP and the broader European research landscape.

Collectively, these achievements provide a solid foundation for BioMat4CAST to continue shaping the
future of biomaterials research. The combination of strong leadership, a skilled and growing team,
international partnerships, and a proactive approach to securing funding positions the project as a driving
force in the field, capable of delivering innovative solutions and contributing significantly to the European
Research Area. The period 20222025 thus represents a transformative phase for BioMat4CAST, setting
the stage for continued growth, scientific impact, and sustained excellence in the years to come.
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1. Talent Pass idea and Consortium

The HORIZON-WIDERA ERA Talents Action was developed to address the goals formulated by the
Horizon Europe Work Programme [1] and represents the most suitable tool to incubate the Talent Pass idea
Talent Pass Project, a €3 million Horizon Europe-funded project is designed to advance talent mobility,
foster knowledge transfer, and accelerate innovation within the circular economy. The Talent Pass
consortium incorporates 4 academic and 6 non-academic beneficiaries from 4 widening countries
(Romania, Portugal, Slovenia, Turkey) and 3 non-widening countries (Italy, Estonia, United Kingdom).

The consortium coordinated by the Petru Poni Institute of Macromolecular Chemistry, Iasi, Romania brings
together academic and non-academic partners: Institutul National de Cercetare Dezvoltare pentru Ecologie
Industriala, Bucharest, Romania, Kemijski Institut, Ljubljana, Slovenia, IST-ID Associacao Do Instituto
Superior Tecnico Para a Investigacao e o Desenvolvimento, Lisboa, Portugal, Asociacion Para La
Investigacion y Desarrollo Tecnologico de la Industria de Castilla la Mancha, Tomelloso Ciudad Real,
Spain, Opencom I.S.S.C., Arezzo, Italy, Unismart - Fondazione Universita Degli Studi di Padova, Padova,
Italy, Crowdhelix Limited, London, United Kingdom, Farplas Otomotiv Anonim Sirketi, Kocaeli, Tiirkiye,
Chimcomplex SA Borzesti, Onesti, Romania (Figure la). This geographical diversity within the
Consortium ensures a comprehensive approach to research and innovation, blending different levels of
expertise and creating a rich environment for collaboration across various academic, non-academic, and
socio-economic backgrounds (Figure 1b).
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Figure 1. Talent Pass Consortium: (left) Talent Pass drone methodology;
(right) geographical diversity within the Talent Pass consortium.
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2. Context and overall objectives

The specific needs that triggered the Talent Pass project are:

= Reskilling and upskilling personnel in sustainability, project management, knowledge and technology
transfer, intellectual property rights, open science, data management, entrepreneurship, research ethics
and integrity, risks management and digital skills

= Increase mobility of R&I staff, particularly to non-academic sectors

= Revert brain-drain

= Tackle challenges in attracting and retaining top research talent

= Build motivation tools and increase focus on career development for R&I staff to reduce the gaps in
services for private sector partnerships and limited cross-sectorial cooperation

= Increase the low benefit/cost ratio for technology transfer

= Boost external communication and networking, leading to poor knowledge circulation.

In this context, the Talent Pass initiative is designed to:

= strengthen the innovation ecosystem towards a borderless research, innovation (R&I) and technology
market by addressing the critical need for geographically balanced talent circulation and increased
cross-sectorial interoperability, as outlined in Action 4 of the ERA Policy Agenda (2022-2024)

= cultivate and support cross-sectorial partnerships between academic and non-academic organizations
that operate in areas of proven scientific excellence, particularly within the realm of the circular
economy.

The Talent Pass project objectives are:

Ol. To develop a critical mass of human resources (researchers, innovators, research managers and other
R&I talents) by up-skilling, re-skilling and transferable knowledge circulation in the framework of circular
economy.

02. To enhance employability and sustainable career prospects within a dynamic innovation ecosystem for
R&I talents.

03. To advance R&I organizations’ support capacity through a sound collaboration between academic and
non-academic stakeholders via collaborative/supportive structures.

04. To facilitate two-way access for talents from (non)academic R&I entities to know-how and
infrastructures across and beyond the European Research Area via equitable geographical and cross-
sectorial talent circulation.

O5. To establish excellent research organizations in widening countries through inter- and multi-
disciplinary cross-sectorial collaborations in circular economy.

3. Expected impact

Talent Pass project aims to:

= Significantly enhance talent mobility and expertise development within circular economy, particularly
focusing on researchers, innovators, and other R&I academic/non-academic talents from widening
countries.

= Build a critical mass of competent researchers having the necessary high-quality knowledge, skills, and
tools to drive forward innovation and sustainability in the circular economy.

= Improving access to excellence by consolidating an interdisciplinary network of highly skilled human
resources and enhance the efficient utilization and valorisation of complementary research capacities,

infrastructure and results, aligning with the Horizon Europe Work Programme (2023-24) - WIDERA
and the Circular Economy Action Plan for a Cleaner and More Competitive Europe (2020) [2].

= Bridge the gap between research and application and effectively translate advancements in circular
economy into real-world solutions, by fostering collaboration between academia and industry.
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Impact of the Talent Pass project may be observed through different perspectives:

= Networking impact: strengthened research community, enhanced innovation at national, regional, and
European levels.

= Scientific impact: increased visibility, competitiveness, scientific output, innovation capacity, and
improved access to European funding and financing tools.

= Economic/technological impact: enhanced collaboration, regenerative growth model, sustainable job
creation, and reduced resource pressure.

= Societal impact: balanced brain circulation, improved R&I careers, reduced brain drain, and enhanced
motivation tools for R&I staff.
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